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57 ABSTRACT

An air-fuel ratio sensor generates linear air-fuel ratio detec-
fion signals proportional to concentration of oxygen in
exhaust gas from an engine i1n response to a command
voltage from a microprocessor. A bias command signal
generated by the microprocessor i1s provided to a D/A
converter which converts 1t to an analog signal. Thereatter,
the signal 1s provided to an LPF for removing the high
frequency components of the analog signal. Output voltage
of the LPF 1s provided to a bias control circuit. A single AC
signal which has a predetermined frequency and which 1is
provided with a predetermined time constant (about 159 us)
by the LPF 1s applied to the air-fuel ratio sensor. Element
resistance of the air-fuel ratio sensor 1s detected based on the
voltage of the AC signal and the change 1n the current level

of the air-fuel ratio sensor caused by the application of the
AC signal.

26 Claims, 37 Drawing Sheets
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METHOD FOR ACCURATELY DETECTING
SENSOR ELEMENT RESISTANCE

CROSS-REFERENCE TO RELATED
APPLICATTONS

This application 1s a continuation-in-part of a U.S. patent
application Ser. No. 08/807,3677 filed on Feb. 27, 1997, now
abandoned and incorporates herein by reference Japanese
Patent Applications No. He1-8-41774, He1-8-207410 and

He1-9-231014, filed on Feb. 28, 1996, Aug. 6, 1996 and Aug.
2’7, 1997, respectively.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mmvention relates to an oXygen concentration
sensor for detecting oxygen concentration, for example, 1n
cxhaust gas from a vehicle engine. More specifically, the
present mvention relates to a method for detecting element
resistance based on voltage and current frequency charac-
teristics of the oxygen concentration sensor.

2. Description of Related Art

In recent years, with regards to the control of air-fuel ratio
of a vehicle engine, there have been demands for improving
control precision, for promoting lean burning and the like.
To meet such demands, a linear type air-fuel ratio sensor
(oxygen concentration sensor) for linearly detecting the
air-fuel ratio (that 1s, oxygen content of exhaust gas) of an
alr mixture drawn 1nto the engine has been proposed and
implemented. In order to maintain 1ts precise level of
detection, the air-fuel ratio sensor of the above-mentioned
type must be kept 1n an active state. In general, this active
state 1s maintained by heating a sensor element of the sensor
by controlling the actuation of a heater attached to the
SENSOf.

According to such actuation control of the heater, the
temperature of the sensor element (hereinafter simply
referred to as “element temperature™) is detected, and feed-
back control 1s subsequently performed so that the element
temperature ultimately reaches a desired activation tempera-
ture (e.g., about 700° C.). In this case, although the element
temperature may be detected on a real-time basis based on
a result detected by a temperature sensor attached to the
sensor element, the attachment of the temperature sensor 1s
likely to raise the overall cost of the sensor device. Because
of this, there have been proposals to detect the resistance of
the sensor element (hereinafter simply referred to as “ele-
ment resistance”) based on a predetermined relationship
between element resistance and the element temperature,
and thus, derive the element temperature from the detected
clement resistance. It 1s to be noted that the detected element
resistance can also be used for determining, for example, the
level of deterioration in the characteristics of the sensor.

FIGS. 53A and 53B are graphs that show a conventional
procedure for detecting the element resistance as, for
example, disclosed in U.S. Pat. No. 4,543,176. These figures
illustrate a case 1 which a limit current type oxygen
concentration sensor 1s used as an air-fuel ratio sensor for
performing engine control. As shown in FIG. 53A, before a
time instant t11, a predetermined voltage (positive voltage
Vpos) for detecting the air-fuel ratio 1s applied to the sensor
clement. The air-fuel ratio 1s obtained based on a sensor
current Ipos generated 1n accordance with the applied volt-
age Vpos as shown 1n FIG. 53B. Between time t11 and t12,
a negative voltage Vneg for detecting element resistance 1s
applied and the corresponding sensor current Ineg 1s
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2

detected. Then, the negative voltage Vneg 1s divided by the
sensor current Ineg to obtain element resistance ZDC
(ZDC=Vneg/Ineg). This method i1s generally known as a
method for detecting element resistance based on DC char-
acteristics of the air-fuel ratio sensor.

Although the above conventional method 1s used for
detecting element resistance (the direct current component
of impedance) by applying DC voltage to the sensor
element, U.S. Pat. No. 4,419,190 discloses a method for
detecting element resistance through the application of an
alternating current (AC) voltage to the sensor element. In
this method, alternating current i1s continuously applied to
the air-fuel ratio sensor and the sensor output from the
air-fuel ratio sensor 1s passed through a low-pass filter
(hereinafter referred to as LPF) to detect the air-fuel ratio.
The same sensor output 1s passed through a high-pass filter
(hereinafter referred to as HPF) and averaged to detect
alternating current 1mpedance. This method 1s generally
known as a method for detecting element resistance using
AC characteristics of the air-fuel ratio sensor.

However, all the conventional methods described above
have the following problems. Namely, according to the DC
impedance method, when a negative voltage Vneg having a
rectangular waveform 1s applied, the sensor current Ineg
changes rapidly and thus, the peak current of the sensor
cannot be detected accurately. For this reason, the detection
of the peak current has to be discontinued until the sensor
current stabilizes. Accordingly, there will be a period of time
during which the air-fuel ratio cannot be detected.
Furthermore, this problem of being unable to detect the peak
current during the application of the voltage having a
rectangular waveform will likely occur also 1n the method of
detecting element resistance based on AC characteristics.

With the AC impedance method (disclosed in U.S. Pat.

No. 4,419,190), because the sensor output is passed through
the LPF to detect the air-fuel ratio, problems 1n the air-fuel
ratio output such as phase shift and AC noise may occur.
These problems are particularly evident when the operating
condition of the engine 1s in a transition.

SUMMARY OF THE INVENTION

In view of the foregoing problems in the prior art, an
object of the present invention 1s to provide a novel method
for detecting element resistance of an oxygen sensor. This
method aims to accurately detect element resistance and
reduce detection time of the element resistance.

To achieve these aims, a first aspect of the present
invention provides a method for detecting element resistance
of the oxygen sensor which includes the steps of setting a
fime constant corresponding to a frequency at which 1imped-
ance characteristics of an oxygen sensor are stable, applying
a changing voltage having the time constant to the oxygen
sensor, determining a current change in electric current
flowing 1n the oxygen sensor due to the changing voltage,
and determining element resistance of the oxygen sensor
based on the changing voltage and the current change.

In this way, because a changing voltage that has a
predetermined time constant 1s applied to the oxygen sensor,
sudden changes 1n the electric current level of the oxygen
sensor can be prevented and thus, the level of current change
can be accurately detected. Accordingly, the element resis-
tance of the oxygen sensor can be detected accurately.

Preferably, the step of applying the changing voltage
applies a changing voltage that has a single voltage wave-
form having the time constant. In this way, compared with
conventional methods which detect the element resistance
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based on a set of continuous voltage signals, detection of the
clement resistance of the oxygen sensor can be performed 1n
a short period of time.

Preferably, 1n setting the time constant, the above method
determines a frequency range at which the impedance char-
acteristics of the oxygen sensor are stable and sets the time
constant to correspond to a predetermined frequency within
such frequency range. The impedance characteristics of the
sensor element of the limit current type oxygen sensor
stabilize at voltage change frequencies of no less than 1 kHz.
In this way, the time constant should be set to 159 us which

corresponds to a cutoff frequency of no less than 1 kHz.

Preferably, the step of applying the changing voltage
applies a changing voltage that has a negative slope portion
and a positive slope portion, where the step of determining
the current change determines the current change due to one
of the negative slope portion and the positive slope portion,
and the step of determining the element resistance 1s for
determining the element resistance based on the negative
slope portion of the changing voltage and the current change
when the step of determining the current change determines
the current change based on the negative slope portion and
for determining the element resistance based on the positive
slope portion of the changing voltage and the current change
when the step of determining the current change determines
the current change based on the positive slope portion.

Preferably, the step of applying the changing voltage
applies a changing voltage having a positive slope portion
when the oxygen sensor detects a lean air-fuel ratio applies
a changing voltage having a negative slope portion when the
oxygen sensor detects a rich air-fuel ratio; and the step of
determining the current change determines the current
change due to the negative slope portion when the oxygen
sensor detects the lean air-fuel ratio determines the current
change due to the positive slope portion when the oxygen
sensor detects the rich air-fuel ratio. In this way, the current
of the oxygen sensor can be detected accurately without
exceeding the dynamic range of a sensor current detector.

Another aspect of the present invention provides a method
for detecting element resistance of the oxygen sensor which
includes the step of selectively executing at least one of a
first detection method and a second detection method. The
first detection method involves the steps of setting a time
constant corresponding to a frequency at which impedance
characteristics of an oxygen sensor are stable, applying a
changing voltage having the time constant to the oxygen
sensor, determining a current change 1n electric current
flowing 1n the oxygen sensor due to the changing voltage
and determining element resistance of the oxygen sensor
based on the changing voltage and the current change. The
second detection method involves the steps of deactuating
the oxygen sensor, detecting a voltage change 1n voltage of
the oxygen sensor after deactuating the oxygen sensor,
detecting a current change in the electric current of the
oxygen sensor due to the voltage change and determining
the element resistance based on the voltage change and the
current change.

In this way, when the output current of the oxygen sensor
1s proximate to the center of the detectable current range, the
first detection method can be used to detect the element
resistance of the oxygen sensor. On the other hand, if the
output current 1s proximate to the maximum or minimum
value of the current range, the second detection method can
be used to accurately detect the element resistance of the
oxygen sensor. Thus, the appropriate detection method can
be selected for detecting the current of the oxygen sensor in
accordance with the level of its current.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

Additional objects and advantages of the present inven-
fion will be more readily apparent from the following
detailed description of preferred embodiments thereof when
taken together with the accompanying drawings in which:

FIG. 1 1s a schematic diagram showing the construction of
an air-fuel ratio detection device according to a first embodi-
ment of the present mnvention;

FIG. 2 1s a cross-sectional view showing a detailed
construction of an air-fuel ratio sensor of the air-fuel ratio

detection device;

FIG. 3 1s a graph showing voltage-current characteristics
of the air-fuel ratio sensor;

FIGS. 4A and 4B show waveforms of an output voltage
of a D/A converter and an output voltage of a low pass filter
of the air-fuel ratio detection device;

FIG. 5 1s a diagram showing an equivalent electrical
circuit of the air-fuel ratio sensor;

FIG. 6 1s a graph showing impedance characteristics of
the electric circuit of FIG. § with respect to a frequency of
AC 1nput voltage;

FIG. 7 1s a graph showing a relation between the fre-
quency of AC 1nput voltage to the air-fuel ratio sensor and
total impedance characteristics of the air-fuel ratio sensor;

FIG. 8 1s a circuit diagram showing a construction of a
bias control circuit according to the first embodiment;

FIG. 9 1s a flow chart showing a main routine executed by
a microprocessor of the air-fuel ratio detection device of the
first embodiment;

FIG. 10 1s a flow chart showing an element resistance
detection subroutine executed by the microprocessor
according to the first embodiment;

FIGS. 11A—-11D are graphs showing examples of changes
in voltage applied to the air-fuel ratio sensor and respective
current changes due to such voltage changes;

FIG. 12 1s a graph showing a relation between an element
temperature and an element resistance of the air-fuel ratio
SENSOT;

FIGS. 13A-13D, 14A-14D and 15A-15D are graphs

showing other variations of changes 1n voltage applied to the
air-fuel ratio sensor and respective current changes due to
such voltage changes;

FIG. 16 1s a flow chart showing the element resistance
detection subroutine according to a second embodiment of
the present invention;

FIG. 17 1s a graph showing a relation between voltage-
current characteristics of the air-fuel ratio sensor and its

dynamic range;
FIG. 18 1s a graph showing a relation between voltage-

current characteristics of the air-fuel ratio sensor and its
dynamic range that 1s set only for the lean region,;

FIG. 19 1s a flow chart of the element resistance detection
subroutine according to a third embodiment of the present
mvention;

FIGS. 20A and 20B are graphs of voltage-current char-

acteristics of air-fuel ratio sensors having different element
temperatures;

FIGS. 21A and 21B are graphs showing a relation
between applied voltage to the air-fuel ratio sensor and
sensor current of the air-fuel ratio sensor;

FIGS. 22A and 22B are graphs showing a relation
between applied voltage to the air-fuel ratio sensor and
sensor current of the air-fuel ratio sensor;
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FIG. 23 1s a graph showing a relation between the
frequency of AC 1nput voltage to the air-fuel ratio sensor and
AC mmpedance characteristics of the air-fuel ratio sensor;

FIG. 24 1s a schematic circuit diagram of a switching unit
according to a fourth embodiment of the present invention;

FIG. 25 1s a schematic diagram showing the construction
of the air-fuel ratio detection device according to the fourth
embodiment;

FIG. 26 1s a circuit diagram showing the construction of
the bias control circuit according to the fourth embodiment;

FIG. 27 1s a flow chart of a limit current detection
subroutine according to the fourth embodiment;

FIG. 28 1s a flow chart of the element resistance detection
subroutine according to the fourth embodiment;

FIG. 29 1s a graph that concretely shows operation of the
fourth embodiment;

FIGS. 30A-30C are graphs showing voltage-current char-
acteristics of the air-fuel ratio sensor that are out of the
dynamic range of the current detection circuit;

FIGS. 31A-31C are graphs showing voltage-current char-
acteristics of the air-fuel ratio sensor when the air-fuel ratio
sensor 18 shut down;

FIG. 32 1s a graph showing a relation between an element
resistance R detected based on voltage change and charac-
teristics of an element resistance Re detected based on the
shutdown of the air-fuel ratio sensor;

FIGS. 33A and 33B are graphs for comparing the element
resistance detection method based on the voltage change
with the element resistance detection method based on the
shutdown of the air-fuel ratio sensor;

FIG. 34 1s a schematic diagram showing the construction
of the air-fuel ratio detection device according to a fifth
embodiment of the present invention;

FIG. 35 1s a circuit diagram showing the construction of
the bias control circuit according to the fifth embodiment;

FIG. 36 1s a flow chart of the element resistance detection
subroutine according to the fifth embodiment;

FIG. 37 1s a flow chart showing a detection routine of the
clement resistance based on voltage change according to the
fifth embodiment;

FIG. 38 1s a flow chart showing a detection routine of the
clement resistance based on the shutdown of the air-fuel
ratio sensor according to the fifth embodiment;

FIG. 39 1s a voltage-current characteristic diagram show-
ing the current ranges 1 which the element resistance
detection method based on the voltage change 1s used and
the element resistance detection method based on the tem-
porary shutdown of the air-fuel ratio sensor 1s used;

FIG. 40 1s a voltage-current characteristic diagram show-
ing the current ranges 1 which the element resistance
detection method based on the voltage change 1s used and
the element resistance detection method based on the tem-
porary shutdown of the air-fuel ratio sensor 1s used;

FIG. 41 1s a cross-sectional view showing a detailed
construction of an integrated type air-fuel ratio sensor
according to a sixth embodiment of the present invention;

FIG. 42 1s a graph showing a relation between a sensor
clectromotive voltage of the integrated type air-fuel ratio
sensor and the air-fuel ratio according to the sixth embodi-
ment,

FIG. 43 1s a graph showing a relation between a pumping,
current 1 the integrated type air-fuel ratio sensor and the
air-fuel ratio;
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FIG. 44 1s a diagram showing a construction of the bias
control circuit according to the sixth embodiment;

FIGS. 45A and 45B show waveforms of a voltage change
and the corresponding current change according to the sixth
embodiment;

FIGS. 46 A—46C show waveforms of the output voltage of
the D/A converter, the output voltage of the low pass filter
and the sensor current produced 1n a seventh embodiment of
the present invention;

FIGS. 47A and 47B are simplified equivalent electric
circuits of the air-fuel ratio sensor;

FIG. 48 1s a graph showing a relation between the
frequency of input voltage to the air-fuel ratio sensor and the
impedance characteristics of the air-fuel ratio sensor;

FIGS. 49A—49C show a block diagram, and waveforms of

the voltage and the current of the air-fuel ratio sensor,
respectively;

FIG. 50 show a waveform of the current of the air-fuel
ratio sensor;

FIG. 51 1s a flow chart showing a main routine executed
by the microprocessor of the air-fuel ratio detection device

of the seventh embodiment;

FIG. 52 1s a flow chart showing an element resistance
detection subroutine executed by the microprocessor
according to the seventh embodiment; and

FIGS. 53A and 53B show waveforms of a voltage change
and a current change due to such voltage change according,
to a conventional element resistance detection procedure.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Preferred embodiments of the present invention are
described hereinafter with reference to the accompanying
drawings.

Heremnafter, a first embodiment 1n which the present
invention 1s applied to an air-fuel ratio detection device will
be described. The air-fuel ratio detection device according to
the present embodiment 1s applied to an electronic injection
control gasoline engine that 1s installed 1n a vehicle. An
air-fuel ratio control system of the engine controls the
amount of fuel to be 1njected to the engine based on the
air-fuel ratio detected by the air-fuel ratio detection device to
obtain a desired air-fuel ratio. The procedures for detecting
air-fuel ratio (A/F) using an air-fuel ratio sensor and for
detecting element resistance using AC characteristics of the
air-fuel ratio sensor are explained 1n detail hereinafter.

FIG. 1 1s a schematic diagram showing a construction of
an air-fuel ratio detection device according to the present
embodiment. As shown 1n FIG. 1, the air-fuel ratio detection
device includes a limit current type air-fuel ratio sensor
(hereinafter referred to as A/F ratio sensor) 30 which serves
as an oxygen concentration sensor. The A/F ratio sensor 30
1s mstalled 1n an exhaust pipe 12 that extends from a main
body of an engine 11. The A/F ratio sensor 30 generates a
linear air-fuel ratio detection signal which has a value
proportional to oxygen concentration 1n the exhaust gas in
response to the application of voltage as commanded by a
microprocessor 20. The microprocessor 20 includes a CPU,
ROM, RAM and the like. The microprocessor 20 controls a
bias control circuit 40 and a heater control circuit 25, which
will be described later, 1n accordance with predetermined
control programs.

FIG. 2 1s a schematic cross-sectional view of the A/F ratio
sensor 30. As shown 1n FIG. 2, the A/F ratio sensor 30
protrudes towards the interior of the exhaust pipe 12. The
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A/F ratio sensor 30 mainly includes a cover 31, a sensor
main body 32 (otherwise known as the sensor element) and
a heater 33. The cover 31 has a U-shaped cross section. A
orecat number of small holes 31a are formed on the periphery
of the cover 31 for facilitating communication between the
interior and exterior of the cover 31. The sensor main body
32 generates a limit current corresponding to the oxygen
concentration 1n a region where the air-fuel ratio 1s lean or
concentration of unburnt gases (CO, HC, H, and the like) in
a region where the air-fuel ratio 1s rich.

A construction of the sensor main body 32 will be
described 1n detail below. In the sensor main body 32, an
exhaust gas side electrode layer 36 1s attached to the outer
surface of a solid electrolytic layer 34 that has a U-shaped
cross section and an atmosphere side electrode layer 37 1s
attached to the mner surface of the same electrolytic layer
34. Furthermore, a diffusion resistor layer 35 1s formed on
the outer surface of the exhaust gas side electrode layer 36
via plasma spraying or the like. The solid electrolytic layer
34 has an oxygen 1on conductive oxide sintered body

obtained by dissolving ZrO,, HIO,, ThO,, B1,0; or the like
with CaO, MgO, Y,0,, Yb,O, or the like serving as
stabilizers. The diffusion resistor layer 35 1s composed of a
heat resistant inorganic material such as alumina, magnesia,
silicate substance, spinel, mullite or the like. Both the
exhaust gas side electrode layer 36 and the atmosphere side
clectrode layer 37 are formed of a precious metal that has
high catalytic properties such as platinum or the like and the
surface thereof 1s coated with porous chemical materials.
The area and thickness of the exhaust gas side electrode 36
are about 10-100 mm~ and about 0.5-2.0 mm, respectively,
whereas the atmosphere side electrode layer 37 has a surface
area of less than 10 mm~ and a thickness of about 0.5-2.0
mm, respectively.

The heater 33 1s disposed 1nside the atmosphere side
clectrode layer 37 and generates heat energy to heat the
sensor main body 32 (which includes the atmosphere side
clectrode layer 37, the solid electrode layer 34, the exhaust
gas side electrode layer 36 and the diffusion resistor layer
35). The heater 33 has a heat generation capacity sufficient
for activating the sensor main body 32.

According to the A/F ratio sensor 30 constructed as
described above, the sensor main body 32 generates a limat
current corresponding to oXygen concentration in the region
where the air-fuel ratio 1s on the lean side with respect to a
stoichiometric air-fuel ratio value. In this case, the limait
current corresponding to oxygen concentration 1s deter-
mined by the area of the exhaust gas side electrode layer 36
and the thickness, porosity and average hole diameter of the
diffusion resistor layer 35. While the sensor main body 32 1s
capable of linearly detecting oxygen concentration, because
the temperatures required for activating the sensor main
body 32 will be high temperatures above 600° C. and the
temperature range for keeping the sensor body 32 active 1s
relatively narrow, 1t 1s 1mpossible to control the activation
range solely by using the heat of the exhaust gas from the
engine 10. Thus, according to the present embodiment, the
sensor main body 32 1s heated up to an activation tempera-
ture range through heat control using the heater 33.
Meanwhile, on the other hand, the concentration of unburnt
gas such as carbon monoxide (CO) and the like changes
substantially linearly relative to changes 1n air-fuel ratio 1n
the region where the air-fuel ratio 1s on the rich side with
respect to the stoichiometric air-fuel ratio. In this case, the
sensor body 32 generates a limit current corresponding to
the concentration of CO and the like.

A voltage-current characteristic of the sensor main body
32 will be described with reference to FIG. 3. As shown 1n
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FIG. 3, there 1s a linear relationship observed between
current flowing into the solid electrolytic layer 34 of the
sensor main body 32, which 1s proportional to the air-fuel
ratio detected by the A/F ratio sensor 30, and the voltage
applied to the solid electrolytic layer 34. In this case, the
limit current of the sensor main body 32 1s represented by
the straight line portions parallel to the voltage axis V. Limait
current (sensor current) increases or decreases in proportion
to A/F ratio, that 1s, depending on whether the air-fuel ratio
1s lean or rich. In other words, the richer the A/F ratio 1s, the
smaller the limit current becomes. Conversely, the leaner the
A/F ratio 1s, the greater the limit current becomes.

Voltage regions below the straight line portion parallel to
the voltage axis V 1n the figure showing the voltage-current
characteristics are resistor-dependent regions, 1n which the
oradient of a straight line, ¢.g. line L1, 1s determined by the
internal resistance of the solid electrolytic layer 34 of the
sensor main body 32 (which corresponds to the element
resistance). This element resistance changes in proportion to
the sensor temperature and thus, the aforementioned gradi-
ent decreases due to an increase 1n element resistance when
the temperature of the sensor main body 32 decreases.

On the other hand, as shown 1n FIG. 1, a bias command
signal (digital signal) Vr for applying voltage to the A/F ratio
sensor 30 1s provided by the microprocessor 20 to a D/A
converter 21, converted to an analog signal Vb by the D/A
converter 21 and subsequently provided to an LPF (low pass
filter) 22. Then, output voltage Vc generated by the LPF 22
by removing high frequency components from the analog
signal Vb 1s provided to the bias control circuit 40. This bias
control circuit 40 1s designed to apply either a voltage for
detecting the A/F ratio or a voltage for detecting the element
resistance to the A/F ratio sensor 30. When detecting the A/F
ratio, a characteristic line L1 as shown 1n FIG. 3 1s used to
set applied voltage Vp 1n accordance with the corresponding
A/F ratio. On the other hand, when detecting the element
resistance, a single voltage signal having a predetermined
time constant (which represents a predetermined frequency
for changing the applied voltage) is applied to the A/F ratio
sensor 30.

The bias control circuit 40 has a current detection circuit
50 which detects current that 1s generated after voltage 1s
applied to the A/F ratio sensor 30. An analog signal indica-
tive of the current value detected by the current detection
circuit 50 1s provided to the microprocessor 20 via an A/D
converter 23. A detailed construction of the bias control
circuit 40 will be described later.

A heater control circuit 25 controls operation of the heater
33 that 1s attached to the A/F ratio sensor 30. Namely, the
heater control circuit 25 controls the duty factor of electric
power supply to the heater 33 from a battery power source
(not shown) in accordance with element temperature of the
A/F ratio sensor 30 or heater temperature to control the
heating operation of the heater 33.

Details of the command voltage applied to the A/F ratio
sensor 30 for detecting element resistance will be described
hereinafter. The microprocessor 20 generates a digital bias
command signal Vr. This bias command signal Vr 1s con-
verted to a single voltage signal (analog signal) having a
predetermined time constant after it passes through the D/A
converter 21 and the LPF 22. FIGS. 4A and 4B show
examples of signal waveforms of the output voltage Vb from
the D/A converter 21 and the output voltage V¢ from the
LPF 22 when detecting the element resistance. In this case,
as shown 1n FIGS. 4A and 4B, at time t1, output voltage Vb
from the D/A converter 21 1s switched to a value larger by
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AV than the applied voltage Vp (that is, voltage for detecting
the A/F ratio) at time tl1. At time t2, the output voltage is
switched to a value smaller than the aforementioned applied
voltage Vp only for a short period of time that 1s shorter than
the period between t1 and t2. Then, the output voltage vb 1s
returned to its original voltage level Vp at time t3. On the
other hand, output signal V¢ from the LPF 22 1s a signal
whose high frequency components are removed by provid-
ing a predetermined time constant.

In the present embodiment, a voltage having a predeter-
mined time constant refers to a signal that includes a single
frequency component. The determination of such frequency
component 1s described hereinafter.

FIG. 5 shows an equivalent electrical circuit of the A/F
ratio sensor 30. In particular, FIG. 5 shows the equivalent
clectrical circuit of the sensor main body 32. In this circuait,
particle resistance of the solid electrolytic layer 34 against
oxygen 1on 1s indicated by Rg, particle resistance and
intergranular capacitance of the solid electrolytic layer 34 in
its granular interface are 1indicated by Ri and Ci,
respectively, and electrode interface resistance and electrode
interface capacitance of the platinum electrodes 36 and 37
are 1ndicated by Rf and CIL, respectively.

FIG. 6 shows complex impedance characteristics of the
A/F ratio sensor 30 shown 1n FIG. 5. In this figure, the X axis
“Zreal” indicates a real number part of the complex
impedance, whereas the Y-axis “Zimaginary” indicates an
imaginary number part of the complex impedance. Imped-
ance ZAC is expressed by the following Equation (1).

(1)

Point A 1n FIG. 6 indicates impedance characteristics when
the applied voltage 1s changed at a frequency of 1 kHz.
When the frequency i1s lower than 1 KHz, the impedance
characteristics are those to the right of point A while a
frequency of higher than 1 KHz will have impedance
characteristics that are to the left of point A. Namely, when
the frequency 1s close to 1 kHz, the sum of Rg and Ri 1s
detected as the impedance.

FIG. 7 1s a modification of FIG. 6, wherein the X axis
indicates the frequency and while the Y axis indicates the
impedance ZAC. As shown 1n FIG. 7, the impedance ZAC
of the A/F ratio sensor converges to a predetermined value
(Rg+R1) in the frequency range from 1 kHz to 10 MHz. In
the range where frequency i1s higher than 10 MHz, the
impedance ZAC furthermore decreases to converge to a
predetermined value Rg, which 1s smaller than (Rg+Ri).
Thus, the frequency range of 1 kHz to 10 MHz 1s most
suitable because the impedance ZAC 1s constant in this
range regardless of the frequency I for changing/switching
the applied voltage. In the present embodiment, with the
frequency set to 1 kHz, the time constant 1s set to about 159
ms by the LPF 22 to derive the corresponding rising wave-
form (see time t1-t2 in FIG. 4B). The lower limit of the time
constant (that is, the upper limit of frequency) is depends on
the processing capacity of the D/A converter 21 or the A/D
converter 23. The lower limit of the time constant can be
further lowered using circuits of higher speeds.

For such reasons, when changing the voltage to be applied
to the A/F ratio sensor 30, the microprocessor 20 generates
a digital signal that has frequency components of about 1
kHz. This digital signal 1s converted to a signal having a
predetermined time constant (about 159 ms) after it passes
through the D/A converter 21 and the LPF 22. The command
signal output from the microprocessor 20 can be generated
relatively easily because it has a rectangular shape.

LAC=Zreal+]- Zimaginary
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On the other hand, when switching back from voltage for
detecting element resistance to the voltage for detecting the
A/F ratio, if such switching to the voltage for detecting the
A/F ratio 1s done directly, the sensor current reaches 1ts peak
value immediately after such switching due to the influences
of electric charges stored 1 Ci and CT as described above,
thus prolonging the time required for the current to converge
to 1ts original value. Accordingly, in the present
embodiment, when switching from the voltage for detecting
clement resistance to the original voltage, which 1s the
voltage for detecting the A/F ratio, voltage that has a polarity
opposite that of the previously applied voltage (see t1—2 in
FIG. 4A) is applied for a short period of time (see time t2—t3
in FIG. 4A) in order to completely discharge electric charges
in C1 and Cf 1n a short period of time and further reduce the
time for stabilizing the sensor current. In this case, 1t 1s
desirable to control the voltage so that substantially the same
amount of electric charges move within the sensor element
when the applied voltage 1s switched to one side (which may
be towards the positive side or the negative side) and when
such applied voltage 1s subsequently switched to the other
side. For this purpose, when switching the applied voltage,
the applied voltage may have positive side and negative side
waveforms that are symmetrical with each other.

The construction of the bias control circuit 40 will be
described next with reference to an electric circuit diagram
shown 1n FIG. 8. As shown 1n FIG. 8, the bias control circuit
40 mainly includes a reference voltage circuit 44, a first
voltage supply circuit 45, a second voltage supply circuit 47
and a current detection circuit 50. The reference voltage
circuit 44 divides constant voltage Vcc by means of voltage
dividing resistors 44a, 44b to generate a constant reference
voltage Va.

The first voltage supply circuit 45 1s made up of a voltage
follower circuit. This first voltage supply circuit 45 supplies
a voltage equal to the reference voltage Va of the reference
voltage circuit 44 to a terminal 42 of the A/F ratio sensor 30
(this terminal 42 is connected to the atmosphere side elec-
trode layer 37 shown in FIG. 2). More concretely, the first
voltage supply circuit 45 includes an operational amplifier
45a whose non-inverting mput terminal 1s connected to a
voltage division point between the voltage dividing resistors
44a and 44b and whose 1nverting input terminal 1s connected
to one terminal 42 of the A/F ratio sensor 30, a resistor 455
which has one end connected to an output terminal of the
operational amplifier 45, NPN ftransistor 45¢ and PNP
transistors 45d. The bases of the NPN transistor 45¢ and the
PNP transistor 45d are connected to the other end of the
resistor 45b. A collector of the NPN transistor 45c¢ 1is
connected to the source of constant voltage Vcc and an
emitter thereof 1s connected to one terminal of the A/F ratio
sensor 30 via a current detection resistor S0a. This current
detection resistor 50a forms the current detection circuit 50.
An emitter of the PNP transistor 45d 1s connected to the
emitter of the NPN transistor 45¢ while a collector of the
same PNP transistor 45d 1s connected to ground.

The second voltage supply circuit 47 1s also made up of
a voltage follower circuit. This second voltage supply circuit
47 supplies a voltage equal to the output voltage V¢ from the
LPF 22 to the other terminal 41 of the A/F ratio sensor 30
(the terminal 41 is connected to the exhaust gas side elec-
trode layer 36 shown in FIG. 2). More concretely, the second
voltage supply circuit 47 includes an operational amplifier
47a whose non-inverting input terminal 1s connected to the
output terminal of the LPF 22 and whose inverting input
terminal 1s connected to the other terminal 41 of the A/F
ratio sensor 30, a resistor 47b which has one end connected
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to an output terminal of the operational amplifier 474, an
NPN transistor 47¢ and a PNP transistors 47d. The bases of

the NPN transistor 47c¢ and the PNP transistor 474 are both
connected to the other end of the resistor 47b. A collector of
the NPN transistor 47c¢ 1s connected to receive constant
voltage Vec and an emitter of the same transistor 47¢ 1s
connected to the other terminal of the A/F ratio sensor 30. An
emitter of the PNP transistor 47d 1s connected to the emitter
of the NPN transistor 47¢ while a collector of the same
transistor 47c¢ 1s connected to ground.

With the above-described construction, one terminal 42 of
the A/F ratio sensor 30 1s always supplied with the constant
voltage Va. If the voltage V¢, which 1s lower than the
constant voltage Va, 1s supplied to the other terminal 41 of
the A/F ratio sensor 30 via the LPF 22, the A/F ratio sensor
30 1s positively biased. If a voltage Vc higher than the
constant voltage Va 1s supplied to the other terminal of the
AJ/F ratio sensor 30 via the LPF 22, the A/F ratio sensor 30
1s negatively biased.

Hereinafter, the operation of the air-fuel ratio detection
device, which has the construction described above, will be
explained. FIG. 9 1s a flow chart showing a control proce-
dure according to the present embodiment. This control
procedure 1s performed upon start of power supply to the
microprocessor 20. As shown in FIG. 9, i step 100, the
microprocessor 20 determines whether a predetermined time
T1 has elapsed after the last detection operation of the A/F
rat1io. The predetermined time T1 corresponds to the fre-
quency for detecting the A/F ratio. T1 1s preferably set to, for
example, 2—4 ms. If the predetermined time T1 has elapsed
after the last detection of the A/F ratio, the microprocessor
20 gives a positive output 1n step 100 and control goes to
step 110. In step 110, the microprocessor 20 retrieves sensor
current Ip (limit current value) detected by the current
detection circuit 50 and determines a corresponding value of
the A/F ratio of the engine 10 that corresponds to the sensor
current Ip using a predefined characteristics map. Using the
characteristic line L1 shown 1 FIG. 3, the microprocessor
20 applies a voltage Vp that corresponds to the detected A/F
ratio to the A/F ratio sensor 30.

Furthermore, m step 120, the microprocessor 20 deter-
mines whether a predetermined time T2 has elapsed after the
last detection of the element resistance. The predetermined
time T2 corresponds to the frequency of detecting the
clement resistance. This predetermined time 1s selectively
set 1n accordance with, for example, the operating condition
of the engine 10. In this embodiment, normally, when there
is a relatively small change in the A/F ratio (i.e., the engine
operating condition is normal), the predetermined time T2 is
set to 2 s. On the other hand, when there 1s an abrupt change
in the A/F ratio (i.e., the engine operating condition is in a
transitional state), the time T2 is set to 128 ms. If the
microprocessor 20 gives a negative determination 1n step
120, the A/F ratio 1s detected every time the predetermined
time T1 lapses as described above. If the microprocessor 20
ogrves a positive output m step 120, step 130 subsequently
detects the element resistance.

A procedure for detecting element resistance will be
described with reference to a subroutine shown 1n FIG. 10.
As shown 1n FIG. 10, the microprocessor 20 determines in
step 131 whether the current A/F ratio 1s rich or lean. If the
A/F ratio 1s lean, the microprocessor 20 switches the applied
voltage Vp (i.e., the A/F ratio detection voltage) from the
negative to positive sides 1n step 132. If the A/F ratio 1s rich,
the applied voltage Vp 1s changed from the positive to the
negative side (bias command signal Vr is manipulated) in

step 133.
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Then, after switching the applied voltage, the micropro-
cessor 20 retrieves the amount of voltage change AV and the
amount of sensor current change Al detected by the current
detection circuit 50 in step 134. In subsequent step 135, the
microprocessor 20 calculates the element resistance R from
AV and Al (R=AV/AI). After step 135, controls returns to the
original main routine.

FIGS. 11A-11D show waveforms of voltages applied to
e A/F ratio sensor 30 (output voltage Vc after passing
rough the LPF 22) and waveforms of the sensor current
nat flows with the application of such voltage. Namely, it
e A/F ratio is lean (for example, if the A/F ratio is equal
to 18), as shown in FIGS. 11A and 11B, voltage applied to
the A/F ratio sensor 30 1s switched to the negative side by a
voltage amount AV, and a corresponding current change Al
in the amount of current towards the negative side 1s
detected. Applied voltage al V| and sensor current bl A] as
shown in FIGS. 11A and 11B correspond to points a, b,
respectively, in FIG. 3. On the other hand, if the A/F ratio 1s
rich (for example, the A/F ratio is equal to 13), as shown in
FIGS. 11C and 11D, the voltage applied to the A/F ratio
sensor 30 1s switched to the positive side by the voltage
amount AV and a corresponding current change Al 1n the
amount of current towards the positive side 1s detected.
Applied voltage ¢ and sensor current d as shown 1n FIGS.
11C and 11D correspond to points c, d, respectively, of FIG.

3.

t]
t]
t]
t]

In this case, because sensor current 1s obtained based on
a voltage change to the negative side when the A/F ratio 1s
lean and based a voltage change to the positive side when the
A/F ratio 1s rich, the sensor current never exceeds the
dynamic range (see FIG. 3) of the current detection circuit
50.

On the other hand, as shown in FIG. 12, there 1s a
predetermined relationship between the sensor element
resistance R, which can be obtained as described above, and
the sensor element temperature. That 1s, as the element
temperature decreases, the element resistance R increases
remarkably. As shown 1n the same figure, an element resis-
tance R of 90 € corresponds to an element temperature of
600° C., which is a temperature at which the A/F ratio sensor
30 1s activated to some extent, while an element resistance
R of 30 € corresponds to an element temperature of 700° C.,
which 1s a temperature at which the A/F ratio sensor 30 1s
fully activated. When executing the heater control, the
amount of power supply to the heater 33 for eliminating a
difference between the calculated element resistance R and
a target resistance value (e.g., 30 Q) at which the A/F ratio
sensor 30 1s fully activated 1s calculated and used for
controlling the duty factor of the power supply to the heater
33. In other words, feed back control based on the element
temperature 1s performed.

The advantages offered by the foregoing embodiment are
enumerated below.

(a) In the present embodiment, voltage applied to the A/F
ratio sensor 30 for detecting the A/F ratio 1s changed to the
voltage for detecting the sensor element resistance of the
A/F ratio sensor 30 by setting a predetermined time constant
for such voltage change, and the element resistance of the
sensor element of the A/F ratio sensor 30 1s determined from
the voltage change and a current change due to the voltage
change. Therefore, with the oxygen concentration sensor
according to the present embodiment, steep rise 1n the
current during the switching of the applied voltage to the
voltage for detecting the element resistance, which 1s a
problem observed 1n prior art, can be prevented.
Consequently, sensor current values can be measured pre-
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cisely which allows highly accurate detection of the element
resistance of the A/F ratio sensor 30. In this case, because
clement resistance 1s detected by a single AC voltage wave
which 1s applied during the process of detecting A/F ratio,
the time required for detecting the element resistance 1s
shortened. Furthermore, the A/F ratio detection accuracy 1s
unaffected and remains at a considerably high level even
when the engine 1s 1n 1ts transitional operation.

(b) In the present embodiment, the time constant men-
tioned above is set to a value (less than 159 ms) that sets the
cutofl frequency for switching the voltage for detecting
clement resistance to 1 kHz. Accordingly, frequency char-
acteristics of the A/F ratio sensor 30 will be stable as shown
in FIG. 7. To further stabilize the impedance characteristics,
it 1s desirable to limit the time constant to be within a range
of 32 to 53 ms (which corresponds to the frequency range
from 3 kHz to 5 kHz).

(¢) In the present embodiment, the LPF 22 is used to apply
an AC signal having a predetermined time constant to the
A/F ratio sensor 30. Consequently, 1t 1s possible to achieve
the desired purpose with a much simpler construction. In this
case, the microprocessor 20 only needs to produce digital
signals and does not need to perform any high-level com-
putational operations. Thus, 1t 1s possible to provide an
air-fuel ratio detection device which can be readily imple-
mented.

(d) Furthermore, according to the construction of the
present embodiment, element resistance 1s detected from a
current change induced by the application of voltage to the
negative side when the A/F ratio 1s lean. On the other hand,
clement resistance 1s detected from a current change induced
by the application of voltage to the positive side when the
AJ/F ratio 1s rich. In this case, element resistance 1s detected
by using a current change which 1s directed towards the
inner side of the dynamic range set beforehand for the
current detection circuit 50. Thus, deterioration 1n the detec-
fion precision due to current changes that are out of the
dynamic range can be prevented. Furthermore, another
advantageous elfect will be the ability to keep the dynamic
range at a minimum (the dynamic range can be set within a
narrow range to ensure a high degree of detection accuracy
of the current detection circuit 50).

() The voltage waveform is set so that substantially the
same amount of electric charges move 1nside the sensor
clement when the voltage applied to the A/F ratio sensor 30
1s a positive voltage and when the same amount of negative
voltage 1s applied. Thus, the convergence of sensor current
after finishing the detection of element resistance can be
accelerated.

(f) If the element resistance can be detected very accu-
rately as described above, it 1s also possible to enhance
precision 1n controlling the actuation of the A/F ratio sensor
30 (control of power supply to the heater 33) using the
detected element resistance. In addition, the detected ele-
ment resistance may also be used etfectively in evaluating
the deterioration 1n the functions of the sensor.

The switching of the applied voltage in detecting element
resistance can be modified as shown 1n FIGS. 13A-15D.
According to the variation shown in FIGS. 13A-13D, volt-
age applied for detecting the element resistance 1s switched
to both positive and negative voltages as in the above-
described embodiment. However, 1n this variation, the volt-
age change amount AV and the current change amount Al
are measured based on the second waveform and not the first

waveform as shown 1in FIGS. 11A-11D. As shown 1n FIGS.
13A and 13B, when the A/F ratio is lean (e.g., the A/F ratio

is 18), the voltage is changed from positive to negative
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voltages with respect to the voltage applied immediately
before (that is, the voltage for detecting the A/F ratio) and
the element resistance 1s calculated from negative voltage
change amount AV and the negative current change amount

Al. On the other hand, as shown 1n FIGS. 13C and 13D,
when the A/F ratio is rich (e.g., the A/F ratio 1s 13), voltage
1s switched from the negative to positive voltages with
respect to the voltage applied immediately before, and
clement resistance 1s calculated from the positive voltage
change amount AV and the positive current change amount

Al
Furthermore, 1n the variation shown in FIGS. 14A-14D,

the applied voltage 1s changed to only one side, namely,
cither to become a positive or a negative voltage. Then,

voltage change amount AV and current change amount Al
are measured. As shown 1n FIGS. 14A and 14B, as 1n the

respective embodiments above, the applied voltage 1s set to
a negative voltage and the element resistance 1s determined
based on the amount of current change and the amount of
voltage change amount when the A/F ratio 1s lean. On the

other hand, as shown 1n FIGS. 14C and 14D, the applied
voltage 1s set to a positive voltage and the element resistance
1s determined based on the amount of current change and the
amount of voltage change when the A/F ratio i1s rich.
Although the time required for sensor current to converge to
its original limit current level 1s prolonged in this case, the
precision for detecting the element resistance remains unat-
fected.

In the variations shown 1 FIGS. 13A-14D, as in the
foregoing first embodiment, the negative sensor current
change 1s measured when the A/F ratio 1s lean, whereas the
positive sensor current change 1s measured when the A/F
ratio 1s rich. Thus, the sensor current can be measured
precisely within the dynamic range of the current detection
circuit 50. Furthermore, the dynamic range of the current
detection circuit S0 can be initially set to a minimum.

Furthermore, 1n another wvariation shown in FIGS.
15A-15D, the applied voltage 1s set to both the positive and
negative voltages and the voltage change amount AV and the
current change amount Al are measured 1n accordance with
a difference between the maximum and minimum values
obtained at the time of the voltage change. In this case,
although element resistance can be detected most precisely
compared to the other cases, a relatively large dynamic
range has to be set for the current detection circuit 50. In this
case, applied voltage may be changed first either to the
positive or to the negative voltage regardless of the value of
the A/F ratio, that 1s, either the embodiment shown 1n FIG.
15A or FIG. 15C may be adopted.

Hereinafter, the second to the sixth embodiments of the
present mvention will be described. Explanation of parts or
the like that are identical to those of the first embodiment
will be omitted here. Therefore, the following description
will focus only on differences with the first embodiment.

Hereiafter, a second embodiment will be described with
reference to FIGS. 16 through 18. As described 1n the first
embodiment, the element resistance 1s detected uncondition-
ally 1n accordance with a current change induced by the
application of negative voltage when the A/F ratio 1s lean
and current change induced by applying positive voltage
when the A/F ratio 1s rich. However, the predefined dynamic
range of the current detection circuit 50 1s not always
determined with respect to the stoichiometric A/F ratio (that
is, the ideal A/F ratio). Accordingly, in the present
embodiment, the order of switching the applied voltage to
become positive and negative voltages 1s determined based
on a predetermined current value within the dynamic range
that 1s acting as the reference value.
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FIG. 16 1s a flow chart showing a subroutine for detecting,
clement resistance according to the present embodiment.
This flow chart 1s a modification of the flow chart shown 1n
FIG. 10 of the first embodiment. Namely, in the flow chart
of FIG. 16, step 131 of FIG. 10 1s replaced by step 231. To
put 1t more concretely, 1n step 231, the microprocessor 20
compares the sensor current (limit current) Ip detected in
step 110 of FIG. 9 with a predetermined reference Ipo set
within the dynamic range. In this process, if Ip=Ipo, the
microprocessor 20 proceeds to perform step 132 which
switches the applied voltage Vp first to a negative voltage
and then to a positive voltage. If Ip<Ipo, the microprocessor
20 proceeds to step 133 which changes the applied voltage
first to a positive voltage and then to a negative voltage. The
other steps are the same as those of the flow chart of FIG.
10 and thus, these steps will not be explained here.

Here, the reference Ipo may be set to be around the
vicinity of a central value of the dynamic range. For
example, the reference Ipo may be set as shown in FIGS. 17
and 18. If the dynamic range 1s set so that the A/F ratio can
be detected over a range ranging from the rich to the lean
region as shown in FIG. 17, the reference value Ipo becomes
close to 0 (in the vicinity of the stoichiometric value). On the
other hand, 1f the dynamic range 1s set so that the A/F ratio
1s detected only over the lean range as shown in FIG. 18, the
reference value Ipo may be set to a few mA which corre-
sponds to an A/F ratio of about 20.

According to the second embodiment, output current Ip of
the A/F ratio sensor 30 can always be detected without
deviating from the dynamic range and thus, the element
resistance R can be detected precisely. In this case, even 1
the dynamic range 1s not set with respect to the stoichio-
metric point (as in the case of FIG. 18), there will be no
decline 1n the accuracy of detecting the element resistance R.

A third embodiment of the present invention will be
described with reference to FIGS. 19-20B.

In the foregoing embodiments, the applied voltage Vp for
detecting element resistance 1s changed by attaching a
predetermined time constant thereto. However, 1n the fore-
cgoing embodiments, the magnitude of the voltage change
AV 1s fixed (U.S. Pat. No. 4,419,190 makes mention of only
an upper limit value of the voltage change AV). Thus, when
the element temperature of the A/F ratio sensor 30 drops or
the like, 1f voltage change AV 1s maintained at a fixed value,
the amount of current change Al becomes small.
Accordingly, errors 1n detecting the element resistance R are
likely to occur which can lead to deterioration in the element
resistance detection precision.

The reason for this will be explained with reference to
FIGS. 20A and 20B. FIG. 20A shows voltage-current char-
acteristics when the element temperature of the A/F ratio
sensor 30 is relatively high (i.e., the element temperature is
about 700° C.). FIG. 20B shows voltage-current character-
istics when the element temperature is relatively low (i.e.,
the element temperature 1s about 600° C.).

Comparing FIGS. 20A and 20B, the slope of a primary
linear portion 1n a resistance-dependent region of FIG. 20B
(a voltage region which is below the linear portion parallel
to the voltage axis V) is smaller than the slope of the primary
linear portion of the resistance-dependent region of FIG.
20A. This means that the internal element resistance (Ri1 as
indicated in both FIGS. 20A and 20B) of the sensor element
of FIG. 20B 1s bigger than the internal element resistance of
the sensor element of FIG. 20A. Thus, if the applied voltage
to both sensor elements of FIGS. 20A and 20B are subjected
to the same amount of voltage change, a current change Al
for the sensor element of FIG. 20B will be only half of the
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current change Al of the sensor element of FIG. 20A. In this
way, errors 1n detecting the output current are likely to occur
which may lead to erroneous detection of the element
resistance.

Accordingly, this embodiment varies the magnitude of the
voltage change AV based on the element resistance R in
order to ensure that the same level of current output obtained
when element temperature 1s high can also be obtained even
if the element temperature 1s low (that is, when the internal
resistance Ri is large). In FIG. 20B, the current change Al
can be obtained by setting the amount of voltage change to
AV' (AV'>AV).

FIG. 19 1s a flow chart showing an element resistance
detection subroutine according to the present embodiment.
This flow chart 1s a partial modification of the flow chart of
the second embodiment shown 1in FIG. 16. That 1s, step 230
has been added here. Referring to the flow chart as shown 1n
FIG. 19, 1n step 230, the microprocessor 20 first multiplies
a predetermined proportional coefficient k by the element
resistance R detected during the previous processing to
obtain the voltage change AV (that is, AV=k-R). Then, steps
132 and 133 change the voltage Vp based on the voltage
change AV calculated in step 230. The processes of steps
231 and 132 through 135 of FIG. 19 are the same as those
already described before and thus, these steps will not be
explamed here.

Proportional coefficient k 1s a constant that 1s determined
beforehand according to the following concept. It may be
preferable to increase proportional coefficient k to 1mprove
the precision in detecting the element resistance R.
However, Al cannot be detected precisely if 1t exceeds the
dynamic range of the current detection circuit 50. That 1s, Al
must not exceed half the width of the dynamic range.
Preferably, Al 1s set to be about one-fourth of width of the
dynamic range.

According to the third embodiment of the present
invention, the voltage change AV for detecting element
resistance 1s set so that 1t increases as the aforementioned
element resistance R 1ncreases. Thus, even 1f the element
temperature 1s low (1.e., the element internal resistance is
large), for example, the amount of current change Al 1s not
reduced drastically and thus, deterioration in the precision of
detecting the element resistance R 1s prevented.

Heremafter, a fourth embodiment will be described with
reference to FIGS. 21A through 29. In the foregoing
embodiments described above, the bias command signal Vr
for applying voltage to the A/F ratio sensor 30 1s always
passed through the D/A converter 21 and the LPF 22. As
explained above, the time constant of the LPF 22 1s appro-
priately set for measuring the internal resistance of the
sensor element. However, there might be considerable errors
during the detection of the A/F ratio if the time constant of
the LPF 22 1s used as 1s for detecting the A/F ratio. The
reason for this will be explained with reference to FIGS. 21A
and 21B.

FIGS. 21A and 21B show changes 1n the applied voltage
Vp and sensor current Ip during the detection of the A/F
ratio. As shown 1in FIGS. 21A and 21B, the A/F ratio changes
from the rich to the lean side. That 1s, the values of the Vp,
I[p move along the straight line (characteristic line) L1
shown 1 FIG. 3 upward to the right following a limit current

range. Applied voltage Vp gradually increases every time Ta
as shown 1n FIG. 21A. In FIG. 21A, the output voltage Vb

of the D/A converter 21 shown i FIG. 1 1s denoted by
broken lines, while the output voltage Vc of the LPF 22, that
1s, voltage directly applied to the A/F ratio sensor 30, is
denoted by a solid line. In this case, 1n FIG. 21B, the sensor
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current Ip deviates from and becomes larger than the true
value of the limit current indicated by the broken lines. This
deviation 1s due to frequency characteristics of the A/F ratio
sensor 30 explained with reference to FIGS. 5, 6 and 7. An
amount of the deviation 1s determined based on the time
constant of the LPF 22.

With the change in the A/F ratio, when detecting the
sensor current Ip immediately after switching the applied
voltage Vp, that 1s, at the points indicated by $as shown in
FIG. 21B, there will be no detection error because sensor
current Ip 1s 1n the vicinmity of the true value of the limit
current. However, 1f the A/F ratio 1s detected at shorter
intervals than the time Tain which applied voltage Vp 1is
changed, the sensor current Ip will have values indicated by
o 1 FIG. 21B which deviate from the true values. As a
result, there will be errors 1n the detection of the A/F ratio.

According to the present embodiment which has been
made 1n consideration of the above problem, when detecting
the A/F ratio, the error produced in detecting the A/F ratio
shown 1n FIG. 21B 1s minimized by switching to another
LPF whose time constant i1s larger than the LPF used for
detecting the element resistance.

The reason for the decrease in the error produced in
detecting the A/F ratio that results when the time constant of
the LPF 1s increased 1s discussed below. An increase in the
fime constant of the LPF means a decrease 1n the frequency
of a change 1n voltage applied to the A/F ratio sensor 30.
Then, 1f the frequency of voltage application 1s decreased,
impedance ZAC increases as shown in FIG. 23. If the
impedance ZAC increases, the amount of current change
when the applied voltage 1s changed decreases. Thus, the
deviation of the limit current from 1its true value as shown 1n
FIG. 21B decreases as shown in FIGS. 22A and 22B,
thereby reducing the error 1n the detection of the A/F ratio.
Point A (f=1 kHz) in FIG. 23 indicates a cutoff frequency
that corresponds to a time constant of the LPF which 1is
suitable for the detection of element resistance and point B
(frequency f=10 Hz) indicates a cutoff frequency that cor-
responds to a time constant of the LPF which is suitable for
the detection of the A/F ratio.

From the above description, it 1s clear that the above
problem can be solved by changing the time constant of the
LPF 22 as mentioned 1n FIG. 1 depending on which of the
clement resistance and the A/F ratio 1s to be detected. One
simplified construction of the LPF 22 1s shown in FIG. 24.
That 1s, the construction of FIG. 24 shows that the time
constant 1s changed by switching a resistance of the LPF 22
to R1 or R2 (where R1 >R2) using a switch 26. Concretely,
when detecting the A/F ratio, the state of the switch shown
in the figure 1s maintained in order to increase the time
constant. On the other hand, when detecting the element
resistance, the switch 26 1s switched to decrease the time
constant. Alternatively, capacitance of a capacitor may be
changed to adjust the time constant.

However, 1t may be difficult to detect the A/F ratio or
clement resistance precisely because of noise produced
when turning the switch 26 on and off, time constant
deviation resulting from the actuation resistance of the
switch 26 and the like. Therefore, according to the present
embodiment, a circuit having no switch as shown 1 FIG. 25
may be adopted.

FIG. 25 1s a diagram similar to FIG. 1 of the first
embodiment. One notable difference of the system shown 1n
FIG. 25 from the system of FIG. 1 1s that the system shown
in FIG. 25 1s provided with two LPFs 22a and 226 and two
D/A converters 21a and 21b. It should be noted that the LPF

22a must have a time constant substantially equal to that of
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the LPF 22 of FIG. 1 and that the LPF 22b must have a time
constant larger than that of the LPF 22a.

Here, the microprocessor 20 generates a first bias com-
mand signal Vrl for detecting the element resistance R and
a second bias command signal Vr2 for detecting the A/F
ratio. Then, the bias command signals Vrl and Vr2 are
provided to the D/A converters 21a and 21b, respectively.
The bias command signals Vrl and Vr2 are then converted
to respective analog signals Vbl and Vb2 by the D/A
converters 21a and 215 and then, high frequency compo-
nents of these analog signals are extracted by the LPFs 22a
and 22b. The resulting output voltages Vcl and V2 are
subsequently provided to the bias control circuit 40, respec-
tively. Then, the output voltages Vcl and Vc2 are amplified
by the bias control circuit 40 and then applied to terminals
that are connected to the atmospheric and exhaust gas side
clectrodes, respectively, of the A/F ratio sensor 30.

FIG. 26 1s an electric circuit showing a construction of the
bias control circuit 40 according to the present embodiment.
One difference of the bias control circuit 40 of the present
embodiment with the bias control circuit 40 of the first
embodiment (which is shown in FIG. 8) is that the present
circuit does not have the reference voltage circuit 44 for
providing a fixed voltage to the operational amplifier 454a of
the first voltage supply circuit 45 and the non-inverting input
terminal of the same operational amplifier 45a 1s supplied
with output voltage Vc2 from an additional LPF 22b. Then,
the output voltage Vc2 from the LPF 22b 1s applied to the
terminal 42 (i.e., the terminal connected to the atmosphere
side electrode layer 37) of the A/F ratio sensor 30.

Hereinafter, the operation of the microprocessor 20 will
be described with reference to the flow charts shown m
FIGS. 27 and 28.

The tflow chart of FIG. 27 1s a subroutine for detecting a
limit current (the A/F ratio). This flow chart shows in detail
step 110 of FIG. 9. Reterring to FIG. 27, 1n step 111, the
microprocessor 20 first detects a limit current Ip flowing
through the A/F ratio sensor 30 based on a detection result
of the current detection circuit 50 shown 1n FIG. 26. Then,
in step 112, the microprocessor 20 determines whether a
predetermined time T3 has elapsed since the last change 1n
applied voltage Vp. Namely, the predetermined time T3 1s
the time 1nterval between the timing for changing the
voltages for detecting the A/F ratio. This time period T3
must only be longer than the predetermined time T1 for
detecting the A/F ratio (see FIG. 9). The predetermined time
13 1s preferably set to 2—10 ms.

In this case, 1f step 112 gives a negative output because the
predetermined time T3 has not yet elapsed, the CPU 31
terminates this routine. If step 112 gives a positive output
because the predetermined time T3 has elapsed, control goes
to step 113.

In step 113, the CPU 31 determines voltage Vp to be
applied to the A/F ratio sensor 30 1n accordance with the
clement resistance R as detected during the previous pro-
cessing and the limit current Ip (Vp=R-Ip+Ve). The equation
of step 113 indicates the straight line L1 1n FIG. 3. Here, Ve
1s the 1ntercept of the V axis with the straight line L1 and 1s
nitially set to a value of about 0.4 V 1n the vicinity of the
center of the limit current region.

Then, the CPU 31 actually applies applied voltage Vp to
the A/F ratio sensor 30 1n step 114. At this time, the second
bias command value Vr2 from the LPF 22b connected to the
terminal 42 of the A/F ratio sensor 30 1s supplied as the
command voltage to the bias control circuit 40.
Subsequently, the LPF 22b extracts high frequency compo-
nents of the voltage to be actually applied to the A/F ratio
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sensor 30 based on 1ts time constant. At this time, the first
bias command voltage Vrl of the LPF 22a only needs to be
fixed to a predetermined voltage.

The determination of the time constant of the LPF 22b 1s
described below. This time constant 1s preferably set to a
large value as much as possible to improve the precision of
detecting the A/F ratio. However, 1f the time constant 1s too
large, another problem arises. That 1s, 1f the time constant of
the LPF 22b 1s larger than a certain value, the voltage to be
applied to the A/F ratio sensor 30 cannot respond to a sudden
change 1n the limit current value Ip. Then, the voltage Vp to
be applied to the A/F ratio sensor 30 deviates largely from
the straight line L1 in FIG. 3. If this time constant 1s further
increased, the applied voltage Vp deviates from 1its limit
current range and thus, the limit current Ip or the A/F ratio
cannot be detected precisely. Thus, taking the precision of
detecting the A/F ratio and the responsiveness to changes in
the limit current Ip 1nto account, as shown in FIG. 23, the
fime constant of the LPF 22b 1s preferably set such that the
cutofl frequency of the same LPF 22b 1s about 10 Hz.

FIG. 28 1s a flow chart corresponding to the element
resistance detection subroutine of FIG. 16 of the second
embodiment. Although the operation of the subroutine
shown in FIG. 28 1s basically the same as the subroutine of
FIG. 16, 1t must be noted steps 132 and 133 change the
command voltage which 1s the first bias command voltage
Vrl. In this case, the LPF 22a removes the high frequency
components from the voltage that will be actually applied to
the A/F ratio sensor 30. The time constant of the LPF 22a 1s
substantially the same as that of the first embodiment but 1s
smaller than the time constant of the LPF 22b.

The above operation will be described with reference to a
ograph shown 1n FIG. 29. The top waveform shown 1n FIG.
29 1ndicates a difference between the two voltages
(Vr1-Vr2) generated by the microprocessor 20, the middle
waveform indicates a voltage actually applied to the A/F
ratio sensor 30, and the bottom waveform indicates the
sensor current. The points marked @ on the sensor current
waveform indicate limit current Ip detected 1n step 111 of
FIG. 27. The points marked O on both the sensor voltage
waveform and the sensor current waveform indicate AV and
Al that are detected 1n step 134 of FIG. 28. As has been
described before, the limit current Ip 1s detected at prede-
termined time T1 intervals while the element resistance R
(=AV/Al) is detected at predetermined time T2 intervals.
Furthermore, the sensor voltage command value (second
bias command voltage Vr2) for detecting the A/F ratio is
changed at predetermined time T3 intervals.

Furthermore, because the A/F ratio of the exhaust gas 1s
moving towards the lean side in the Figure, the sensor
current (limit current Ip) increases and, accordingly, the
command voltage (Vr1-Vr2) also increases.

In this case, the time constant of the LPF used for
removing high frequency components from the command
voltage has been changed depending on whether the A/F
ratio or the element resistance 1s to be detected. Therefore,
response characteristics of the sensor voltage to the com-
mand voltage 1s different for both cases. Thus, the limait
current Ip, AV and Al can be detected accurately.

The air-fuel ratio control device generates the second bias
command signal Vr2 to be applied to the terminal 42 of the
A/F ratio sensor 30 for detecting the A/F ratio and then
ogenerates the first bias command signal Vrl to be applied to
the terminal 41 for detecting element resistance. However,
the air-fuel control device i1s not limited to this type of
arrangement. That 1s, other constructions may be adopted as
long as the air-fuel control device provides a voltage change
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that has a larger time constant when detecting the A/F ratio
than the time constant when detecting the element resis-
tance.

In the same way as the previously described
embodiments, the fourth embodiment of the present inven-
tion enables accurate detection of the element resistance R.
Of course, the present embodiment achieves the objects of
the present i1nvention. In addition, 1t also provides the
following advantages.

(a) According to the present embodiment, the time con-
stant for changing the voltage to be applied to the A/F ratio
sensor 30 1s adjusted depending on whether the element
resistance or the A/F ratio 1s to be detected. Here, compared
to the time constant when detecting the element resistance,
the time constant of the voltage change 1s set to a larger
value when detecting the A/F ratio. Accordingly, even 1f the
A/F ratio 1s detected at a period shorter than the period for
switching the applied voltage Vp used for detecting the A/F
ratio (e.g., T1<T3 as shown in FIG. 29), errors in limit
current Ip of the A/F ratio sensor 30 can be eliminated and,
thus, deterioration 1n the accuracy of detecting the A/F ratio
can be prevented.

(b) Furthermore, two low-pass filters LPF 22a and LPF
22b, each of which has a unique time constant, are connected
to a pair of terminals 41 and 42 that are connected to the
solid electrolytic layer 34 of the A/F ratio sensor 30. The two
low-pass filters LPF 22a and 22b are selectively used to
detect the element resistance and the A/F ratio. In this case,
in comparison with a case where a switch 1s provided and 1s
actuated and deactuated to change the time constant, there
will be no detection error due to the resistance of the switch
or noise caused by the switching operation. Accordingly,
decline in the detection precision can be prevented.

A fifth embodiment of the present mvention will be
described with reference to FIGS. 30A through 40.

First, the principle behind the operation of the present
embodiment will be described briefly with reference to
FIGS. 30A-31C. While the detection method according to
the previously described embodiments detects current
change amount Al induced by changing the applied voltage
Vp, the current change amount Al cannot be detected 1n the
vicinity of a maximum value or minimum value of the
dynamic range. Accordingly, this leads to erroneous detec-
tion of the element resistance R. If the A/F ratio 1s in the
vicinity of a minimum value of the dynamic range as shown
in FIG. 30A, if AV 1s generated so as to cross over the
minimum value of the dynamic range, Al becomes out of
range as shown 1n FIG. 30C and, thus, the element resistance
R cannot be detected (this problem can be solved to some
extent by adjusting the direction of the voltage change in
accordance with the A/F ratio or sensor current and this
embodiment provides an alternative solution for solving
such problem).

To solve the above-described problem, according to the
present embodiment, as a method for detecting Al 1n the
vicinity of the minimum or maximum values of the dynamic
range, voltage supply to the A/F ratio sensor 30 1s tempo-
rarily terminated and then element resistance R 1s detected
based on the sensor electromotive voltage and the current
change generated at the instantaneous termination of the
voltage application. In this way, the electric resistance R can
be detected accurately over the entire range by combining
this detection method with the method of detecting element
resistance based on voltage change.

A method of detecting the element resistance R using the
voltage of the A/F ratio sensor 30 will be described below.
FIGS. 31A-31C are graphs demonstrating the principle
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behind the operation of this detection method. In detecting,
the A/F ratio, the voltage Vp 1s applied to the A/F ratio
sensor 30 and the sensor current (limit current) at the time
voltage Vp applied 1s set as Ip. Then, 1n detecting the
clement resistance, a part of the circuit through which sensor
current Ip flows (i.e., the voltage supply circuit of the A/F
ratio sensor 30) is shut down for an instant. Then, the sensor
current Ip suddenly becomes 0 and the A/F ratio sensor 30
produces a voltage Ve in accordance with a difference in
partial pressure of oxygen between both the internal and
external sides of 1ts solid electrolytic layer 34. Based on a
ratio of the voltage change amount Av (=Ve—Vp) with
current change amount Al, element resistance Re (“Re” is
used here to distinguish this resistance from element resis-
tance R detected based on the voltage change) can be
detected. Element resistance Re detected 1n this manner 1s
substantially equal to the element resistance R detected
based on voltage change (that is, Re=R).

The reason for this coincidence of the element resistance
Re detected based on the shutdown of the circuit with the
clement resistance R detected based on the voltage change
1s explained with reference to FIG. 5 which shows an
equivalent circuit of the A/F ratio sensor 30. Because this
circuit 1s 1n 1ts regular state during the detection of the A/F
rat1io, current flows through Rg, Ri1, and R{. If the circuit is
shut down temporarily under this condition, that 1s, if current
flow 1s stopped temporarily, Rg loses 1ts potential difference
instantaneously because it 1s a direct current resistor. As for
R1, based on 1ts previous description made with reference to
FIGS. 6 and 7, electric charge collected 1n C1 1nstanta-
neously passes through Ri due to its small time constant so
that a potential difference across Ri disappears immediately.
Therefore, a ratio between the voltage change induced by the
shutdown of the circuit and induced current change becomes
a sum of Rg and Ri, and thus, element resistance Re detected
by the shutdown of the circuit becomes the same value as the
clement resistance R detected in accordance with the voltage
change.

However, the actual A/F ratio sensor 30 1s not exactly the
same as the circuit as shown 1in FIG. §. Thus, as shown 1n
FIG. 32, the element resistance R detected based on voltage
change does not completely coincide with the element
resistance Re detected based on the temporary shutdown of
the A/F ratio sensor 30 and thus, some errors may occur. As
a result, there might be a discontinuous part 1n the detected
values of the element resistance when switching between
these two detection methods. Consequently, in conducting
heater control, for example, to keep element resistance
constant, the element temperature may not stabilize in the
aforementioned discontinuous part.

In this way, according to the present embodiment, to
climinate such discontinuity in the detected eclement
resistances, both of these element resistance detection meth-
ods based on voltage change and the temporary shutdown ot
the circuit are employed within a range that has a predeter-
mined width. Then, a compensation coelflicient ka 1s calcu-
lated based on a difference between the element resistances
detected using both detection methods. The element resis-
tance Re computed based on the temporary shutdown of the
circuit 1s corrected 1n accordance with this compensation
coellicient.

On the other hand, 1f the limit current Ip 1s out of the
dynamic range, none of the atorementioned detection can be
used methods to detect the precise value of the element
resistance. However, even 1n this case, the detection method
based on the temporary shutdown of the circuit can be used
to detect element resistance although 1t might produce some
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errors. Namely, FIGS. 33A and 33B show voltage versus
current characteristics of the A/F ratio sensor 30 when the
limit current Ip 1s out of the dynamic range. FIG. 33A shows
the element resistance R detected based on the voltage
change, while FIG. 33B shows the element resistance Re
detected based on the momentary shutdown of the circuat.
True values of element resistance R and Re are indicated by
broken lines 1n the respective figures.

Referring to FIGS. 33A and 33B, the element resistance
detection method of FIG. 33A cannot detect the current
change amount Al (AI=0). Thus, even if the element resis-
tance changes, such change cannot be detected. On the
contrary, the element resistance detection method of FIG.
33B can always calculate an appropriate value of Al because
the detected current always becomes 0 mA and so, changes
in the element resistance can always be detected. For
example, even 1f heater control of the A/F ratio sensor 30 1s
being conducted to keep the element resistance constant, the
use of the element resistance detection method based on the
momentary shutdown of the circuit prevents occurrence of a
worst-case situation where heater control cannot be per-
formed even 1if the limit current Ip 1s out of the dynamic
range.

A concrete construction of the present embodiment based
on the above-described operating principle will be described
hereinafter. FIG. 34 shows the entire construction of the
air-fuel ratio detection device according to the present
embodiment. One difference 1n construction of the air-fuel
detection device of the present embodiment with the con-
struction of the first embodiment shown 1n FIG. 1 1s that the
microprocessor 20 provides signals to the bias circuit 40 for
actuating and deactuating the switch for temporarily shutting
down the sensor circuit.

FIG. 35 shows a construction of the bias control circuit
40. One difference 1n the construction of the bias control
circuit 40 of the present embodiment with the bias control
circuit of the first embodiment shown 1n FIG. 8 1s that an
analog switch 51 1s provided between the resistor 45b and
the base of the transistors 45¢ and 454 of the first voltage
supply circuit 45. This analog switch 51 1s operated 1n
accordance with ON/OFF signals received from the micro-
processor 20. If the switch 51 1s deactuated, both the
transistors 43¢, 45d are deactuated. Accordingly, the emitter
terminals of both the transistors 45¢ and 45d will have high
impedance and thus, the circuit connected to the sensor
terminal 42 1s shut down instantaneously.

Hereinafter, the operation of the microprocessor 20
according to the present embodiment will be described with
reference to flow charts of FIGS. 36, 37 and 38. FIG. 36
shows a subroutine of step 130 of the main routine shown 1n
FIG. 9, and FIGS. 37 and 38 show subroutines of steps 140
and 150 of FIG. 36.

If the routine of FIG. 36 1s activated, the microprocessor
20 determines 1n step 231 which element resistance detec-
tion method should be used based on the previously detected
limit current Ip. The microprocessor 20 can choose from
among three alternatives: namely, employing only the ele-
ment resistance detection method based on the voltage
change, employing only the element resistance detection
method based on the momentary shutdown of the circuit,
and employing both the aforementioned element resistance
detection methods.

That 1s, according to the present embodiment, as shown 1n
the voltage-current characteristic diagram of FIG. 39, two
predetermined values Ip0 and Ipl with IpO<Ipl are set 1n the
vicinity of the minimum value of the dynamic range. Ip0 and
Ip1 define a current reference range. If Ip>Ip0, the element
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resistance 1s detected based on the voltage change, while 1t
Ip<Ipl, the element resistance 1s detected based on the
shutdown of the circuit. Moreover, if the Ip has a value such
that IpO=Ip=Ipl (1.e. Ip is within the current reference
range), the element resistance 1s detected based on both the
voltage change and the temporary shutdown of the circuit.

Therefore, 1f step 231 of FIG. 36 determines that Ip>Ipl,
the microprocessor 20 proceeds to step 140 which detects
the element resistance R based on a change in the applied
voltage. That 1s, 1n step 140, the same operations as 1n steps

132, 134, and 135 of the routine of the first embodiment
shown 1n FIG. 10 are performed 1n steps 141 to 143 of FIG.
37 to detect the element resistance R (R=AV/AI).

If step 231 determines that Ip<IpO0, the microprocessor 2()
proceeds to step 150 which detects the element resistance Re
based on method mtroduced here, that 1s, the detection of the
clement resistance Re based on the momentary shutdown of
the circuit. FIG. 38 shows a detection routine for element
resistance Re based on the shutdown of the circuit. That 1s,
referring to FIG. 38, in step 151, the microprocessor 20
deactuates the switch 51 shown 1n FIG. 35 to deactuate the
first voltage supply circuit 45. Subsequently, the micropro-
cessor 20 detects a voltage Eo (difference between Va and
Vc in FIG. 35) in the A/F ratio sensor 30 generated due to
the shutdown of the circuit in step 152.

Thereafter, the microprocessor 20 actuates the switch 51
in step 153 and then calculates element resistance Re from
the electromotive voltage Eo detected previously, the limit
current Ip detected before and the applied voltage Vp prior
to temporary shutdown of voltage in step 154 (Re=(Vp-Eo)/
Ip).

Then, the microprocessor 20 proceeds to step 232 of FIG.
36 which compensates the element resistance Re obtained in
step 150 using a compensation coellicient ka to compute the
element resistance R (R=ka-Re). This compensation coeffi-
cient ka 1s used for eliminating the discontinuity between the
clement resistance R detected based on the voltage change
and the element resistance Re detected based on the instan-
tancous shutdown of the circuit and 1s calculated when the
limit current Ip 1s 1n the range from IpO to Ipl.

The process to be executed 1n the case where the limit
current Ip 1s m the range from Ip0 to Ipl will be described
hereinafter. That 1s, 1f step 231 determines that [pO=Ip=Ipl,
the microprocessor 20 executes step 140 (the process of FIG.
37) to detect the element resistance R based on the change
in the applied voltage and subsequently executes step 140
(the process of FIG. 38) to detect the element resistance Re
based on the shutdown of the circuit. The microprocessor 20
determines the compensation coeflicient ka in accordance
with a ratio between the element resistance values R and Re
(ka=R /Re). This compensation coefficient ka is used in the
aforementioned step 232.

The predetermined values Ip0O and Ipl of the routine of
FIG. 36 may be arbitrarily set to have values between a
minimum value of the dynamic range and 0 mA. It must be
noted that the detection precision of the element resistance
detection method based on the voltage change deteriorates in
the vicinity of the minimum value of the dynamic range. On
the other hand, because the detection precision of the
clement resistance detection method deteriorates in the
vicinity of 0 mA, a margin of no less than 1 to 2 mA 1s
preferably provided between the 0 mA and Ipl.

According to the fifth embodiment of the present
invention, it 1s possible to detect the element resistance R
with a high degree of precision as in the respective embodi-
ments described above. This embodiment enables not only
the tulfillment of the objects of the present invention to be
achieved but also offers the following additional advantages.
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(a) According to the present embodiment, the element
resistance detection method based on the voltage change and
the element resistance detection method based on the tem-
porary shutdown of the circuit are selectively used in
accordance with the limit current Ip of the A/F ratio sensor
30. To put it more concretely, 1n the vicinity of the minimum
value of the dynamic range in which the detection result of
the element resistance detection method based on the volt-
age change 15 likely to be erroneous, the element resistance
detection method based on the shutdown of the circuit is
utilized. On the contrary, in the vicinity of 0 mA 1n which
errors by the element resistance detection method based on
the shutdown of the circuit are likely, the element resistance
detection method based on the voltage change 1s utilized.
Accordingly, the element resistance can be detected pre-
cisely for any current detection range.

(b) Furthermore, the predetermined values for switching
the above two element resistance detection methods are set
in the vicinity of a minimum value (or a maximum value) of
the dynamic range. Thus, the element resistance detection
method based on the voltage change can be applied for a
wider current detection area.

(c) By providing the predetermined values for determin-
ing the limit current Ip of the A/F ratio sensor 30 with a
predetermined interval (IpO—Ipl) between them, both ele-
ment resistance detection methods are executed if the limat
current Ip of the above sensor 30 1s within the predetermined
interval of the predetermined values. The compensation
coellicient ka 1s obtained from a ratio between results of both
the detection methods and the element resistance Re
detected by temporary shutdown of the circuit 1s corrected
using such compensation coefficient.

Therefore, even 1if there are differences between the
characteristics of the element resistance R detected by the
clement resistance detection method based on the voltage
change and the characteristics of the element resistance Re
detected by the element resistance detection method based
on the shutdown of the circuit, disparities between the
results of both detection methods can be eliminated to
remove the discontinuity. As a result, the stable control of
the element temperature can be performed even 1if the heater
control based element resistance R 1s being conducted. The
above-described embodiment 1s effective for correcting
errors 1n cases of disparity between different sensors being
utilized and deterioration in the qualities of the sensors.

Meanwhile, the present embodiment can be implemented
in the following manner.

In the routine shown 1n FIG. 36, steps 140 and 150 are
executed when the limit current Ip 1s 1n the range from IpO
to Ip1 and the compensation coetficient ka 1s calculated from
the R and Re obtained therefrom. However, it 1s also
possible to estimate the R-Re characteristic of the A/F ratio
sensor 30 and then obtain the compensation coefhicient ka
based on such a characteristic 1n accordance with a prede-
termined equation or a map. It 1s also possible to correct
either element resistance based on the characteristics of both
the resistances. More concretely, if it 1s known beforehand
that R and Re have a relation like the one shown 1n FIG. 32,
R1, which 1s an element resistance based on a change 1n the
applied voltage, can be obtained from Rel, which 1s an
clement resistance based on the shutdown of the circuit.

While the element resistance R 1s computed in the present
embodiment based on the current change Al by switching
the applied voltage Vp from the negative side to the positive
side and then computing the current change Al due to change
in the applied voltage Vp, it 1s of course possible to detect
the element resistance R by changing the applied voltage Vp
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from the positive side to the negative side. In this case, the
determination of Ip based on Ip0 and Ipl 1n step 231 can be
performed such that Ipo and Ipl are set to values that are
symmetrical with respect to the horizontal V axis to the
values they have 1in FIG. 39.

If the limit current Ip exceeds the dynamic range, detec-
tion precision of the element resistance detection method
based on the voltage change 1s worse than that of the element
resistance detection method based on the shutdown of the
circuit. Furthermore, 1f the limit current Ip deviates largely
to the lean side, detection of element resistance cannot be
performed. This problem can be solved by providing pre-
determined values IpO and Ipl, which define a current
reference range, and Ip0' and Ipl', which define another
current reference range, on both the negative side and
positive side as shown 1n FIG. 40. In this case, as shown 1n
FIG. 40, if the limit current Ip 1s near 0 mA, the element
resistance detection method based on voltage change 1is
utilized. Meanwhile, 1f the limit current Ip 1s near a maxi-
mum value or a minimum value of the dynamic range, the
clement resistance detection method based on the shutdown
of the circuit 1s utilized.

If a difference between the element resistance R detected
based on the voltage change and the element resistance Re
detected based on the shutdown of the circuit 1s so small that
corrections are not necessary or if the difference between R
and Re 1s to be disregarded to simplity processing, Ip0O may
be set to be equal to Ipl so that the aforementioned detection
methods are not performed at the same time. In this case,
there will be no need for the compensation coefficient ka
used 1n the tlow chart shown 1n FIG. 36.

Next, a sixth embodiment of the present invention will be
described with reference to FIGS. 41 through 45B. Although
in the above respective embodiments, the air-fuel ratio
detection device 1s constructed to have a cup-shaped A/F
ratio sensor 30 such that the A/F ratio 1s detected from limit
current that flows when voltage 1s applied to the same sensor
30, in the present embodiment, the air-fuel ratio detection
device 1s constructed using an integrated type A/F ratio
sensor 60 mstead of the aforementioned A/F ratio sensor 30.
The construction and features of the integrated type A/F
rat1o sensor 60 will be described hereinafter with reference
to the accompanying drawings.

FIG. 41 1s a cross-sectional view showing the construc-
tion of the integrated type A/F ratio sensor 60. The integrated
type A/F ratio sensor 60 includes two solid electrolytic
layers 61, 62 composed of zirconia, which are generally
referred to as pumping cell (solid electrolytic layer 61) and
sensing cell (solid electrolytic layer 62), respectively. A
diffusion gap 63 provided below the solid electrolytic layer
61 acts as an oxXygen concentration measuring chamber. On
the other hand, an air duct 64 provided below the solid
clectrolytic layer 62 acts as an atmospheric pressure cham-
ber. Pin holes 65 are formed 1n the solid electrolytic layer 61
to allow exhaust gas to enter the diffusion gap 63. Heaters
66 arc provided for heating the sensor 60.

Platinum electrodes 67 and 68 are fixed on top and bottom
surfaces of the solid electrolytic layer 61 (i.e., a pumping
cell) and, furthermore, platinum electrodes 69 and 70 are
fixed on the top and bottom surfaces of the solid electrolytic
layer 62 (i.e., a sensing cell). A terminal 71 is connected to
the electrode 67, a terminal 72 1s connected to electrodes 68
and 69, and a terminal 73 1s connected to the electrode 70.

The operating principle of this integrated type A/F ratio
sensor 60 will be explained hereinafter. FIG. 42 1s a graph
showing the characteristic of a sensor electromotive voltage
Vs generated between the terminals 72 and 73. The sensor
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clectromotive voltage Vs 1s determined based on an oxygen
concentration Pv within the diffusion gap 63 and an oxygen
concentration Po (equal to an oxygen concentration of the
atmosphere) within the air duct 64 as indicated by Equation

(2).

Vs=(RT*In[Po/Pv])/4F (2)

In Equation (2), R is a gas constant, T is an absolute
temperature and F 1s Faraday’s constant.

Oxygen concentration Pv within the diffusion gap 63 1s
usually equal to oxygen concentration PA of the exhaust gas.
Therefore, 1f the A/F ratio becomes rich and the oxygen
concentration PA of exhaust gas decreases, the oxygen
concentration Pv within the diffusion gap 63 also decreases
and thus, the sensor electromotive voltage Vs mcreases. On
the contrary, if the A/F ratio becomes lean, oxygen concen-
fration Pv within the diffusion gap 63 increases and the
sensor electromotive voltage Vs decreases. This sensor
clectromotive voltage Vs 1s detected by the terminal 73.

Furthermore, by applying the voltage Vp to the terminal
71 to make a pumping current Ip flow therethrough, oxygen
ions will pass through the solid electrolytic layer 61. In this
way, oxygen concentration Pv within the diffusion gap 63
can be freely controlled. In accordance with the above
described principle, if the sensor electromotive voltage Vs 1s
detected and the applied voltage Vp to the terminal 71 1is
controlled to make Vs constant, oxygen concentration of
exhaust gas or the A/F can be controlled 1n accordance with
the pumping current Ip.

In other words, to control the sensor electromotive volt-
age Vs to be constant, oxygen concentration Pv within the
diffusion gap 63 must be always controlled to be at a
constant oxygen concentration Pvo. For this purpose, an
amount of oxygen equivalent to a difference between oxy-
ogen concentration PA of exhaust gas and oxygen concentra-
tion Pvo must be supplied. In this case, the amount of
supplied oxygen corresponding to the difference between the
PA and the Pvo 1s determined based on the magnitude of the
pumping current Ip. Thus, oxygen concentration (A/F) in
exhaust gas can be detected 1in accordance with the pumping
current Ip. As shown 1n FIG. 42, 1f the sensor electromotive
voltage Vs 1s controlled to be at a predetermined value
(Vs=0.45 V) when the A/F ratio is equal to 14.7 (i.e., the
stoichiometric A/F value which varies slightly depending on
the type of engine), the characteristic between the pumping
current Ip and the A/F ratio will be as shown in FIG. 43
wherein Ip=0 when the A/F ratio 1s 14.7. The characteristic
diagram of FIG. 43 shows that if the A/F ratio 1s lean, a
positive pumping current Ip flows. On the other hand, 1if the
A/F ratio 1s rich, negative pumping current Ip flows.

FIG. 44 1s an electrical circuit diagram showing a con-
struction of the bias control circuit 40 according to the
present embodiment. Hereinafter, only the differences of the
present embodiment with those embodiments using the cup
type sensor will be described.

The integrated type A/F ratio sensor 60 has one other
terminal 73 for detecting electromotive voltage 1n addition
to the terminals 71, 72 (equivalent to the terminals 41, 42 of
FIG. 8), which are for applying voltage to the sensor
clement. In this case, the electromotive voltage Vs 1is
detected from the terminal 73 and an operational amplifier
75 compares the sensor electromotive voltage Vs with a
reference voltage So and generates an amplified result of the
comparison. Furthermore, the amplified signal 1s prowded to
the second voltage supply circuit 47 to obtain a difference
between this amplified signal and a signal provided by the
LPF 22. That 1s, in comparison with the first embodiment in
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which the cup-shaped sensor 1s used, the second voltage
supply circuit 47 functions as differential amplifier circuit
rather than as a voltage follower circuit.

In this circuit, the reference voltage VSo 1n the opera-
tional amplifier 75 1s adjusted as follows. That 1s, in the
present embodiment, the reference voltage VSo 1s adjusted
so that Ip 1s O when the A/F ratio 1s 14.7. In other words,
when the A/F ratio 1s 14.7, a voltage at the terminal 71 must
be the same as the voltage at the terminal 72. Assuming the
output of the LPF 22 and the voltage to be used for detecting
the A/F ratio 1s Vp, the reference voltage VSo 1s adjusted
such that an output Vx of the operational amplifier 75 1s
equal to Vp-Va.

In the construction of this circuit, if exhaust gas becomes
rich, the sensor electromotive voltage Vs from the terminal
73 1ncreases and thus, the output of the operational amplifier
75 increases. At the same time, the output V¢ of the second
voltage supply circuit 47 decreases and thus, the voltage
applied to the terminal 71 decreases. Consequently, the
pumping current Ip flows 1in a direction opposite to that
indicated in FIG. 41 (that is, a pumping current in the
negative direction flows). Thus, oxygen is drawn into the
diffusion gap 63. On the contrary, if exhaust gas becomes
lean, a pumping current Ip in the positive direction flows and
oxygen 1s pumped out from the diffusion gap 63.

In the air-fuel ratio detection device according to the
present embodiment having the above described
construction, the element resistance of the integrated type
A/F ratio sensor 60 1s detected using the same procedure as
that of the first embodiment. An outline of such a procedure
will be described with reference to a timing chart shown in
FIGS. 45A and 45B. FIG. 45A shows a voltage (that is, the
output voltage of the LPF 22) to be applied to the A/F ratio
sensor 60 while FIG. 45B shows the sensor current (that is,
the pumping current Ip) that flows due to the application of
such voltage.

That 1s, upon detecting element resistance, the applied
voltage 1s applied to the integrated type A/F ratio sensor 60
as a signal having a predetermined time constant by passing
through the LPF 22. At this time, the applied voltage is
changed to both the positive side and the negative side with
respect to a voltage for detecting the A/F ratio. Then,
because the A/F ratio 1s lean, the element resistance R 1S
detected from a negative voltage change AV and a negative
current change (R=AV/AI). The reason for using the value
measured 1n the negative side 1s the same as that of the first
embodiment, that 1s, such setting enables the dynamic range
of the A/F ratio sensor 60 to be set to set to a minimum. A
detection process of the element resistance R 1s executed
every predetermined cycle T4 (T4 may be a fixed value or
a value that varies depending on the operating condition of
the engine). Although not graphically represented, when the
A/F ratio 1s rich, the element resistance R 1s detected from
the positive voltage change AV and a positive current change
Al

According to the sixth embodiment, the same effects as
the foregoing embodiments described before can be attained
and thus, the element resistance can be detected with a high
degree of precision thereby realizing the objects of the
present mvention.

Further, a seventh embodiment of the present invention
will be described with reference to FIGS. 46 A—46C to FIG.
52. This seventh embodiment 1s a modification of the first
embodiment shown in FIG. 1 to FIG. 12 and uses the same
A/F ratio sensor 30 (FIG. 2) and the electric control circuit
(FIGS. 1 and (). This embodiment is, however, different

from the first embodiment in that the time period from time
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t1 to time t2 (FIGS. 4A and 4B) 1s determined in the
following manner so that the peak current Al may be
detected accurately after the voltage applied to the A/F ratio
sensor 30 changes at the predetermined time constant.

In the present embodiment, as shown 1n FIG. 46 A—46C,
the microprocessor 20 1s programmed to cause the D/A
converter 21 to produce the output voltage Vb which
changes from Vp (voltage for the A/F detection) to Vp+AV
(voltage for the element resistance detection) at time t1 and
returns to Vp at time t2. This voltage Vb 1s changed to the
output voltage Vc by the LPF 22. Specifically, the voltage
V¢ changes or rises at the predetermined time constant
during a time period TA and maintains 1ts constant magni-
tude after the predetermined time constant, 1.€., during the
following time period TB. As a result, the sensor current Ip
also rises at the same time constant during the time period
TA and only very slightly falls in the time period TB. As the
sensor current Ip 1s substantially unchanged during the time
period TB, there will occur very little difference in the
detection of the peak current (change in sensor current Ip) Al
whatever time the current Al may be detected.

It 1s to be noted that the sensor current Ip changes only
very slightly during the time period TB due to the following
reasons. As the voltage V¢ actually applied to the A/F ratio
sensor 30 has a rising time constant of some kHz to some
tens of kHz, a current 1in FIG. 5 flows mostly through a path
Rg-Ri-Cf. Therefore, the electric equivalent circuit of the
sensor shown 1n FIG. 5 1s simplified as shown 1n FIG. 47 A,
resulting in an HPF (high pass filter) shown in FIG. 47B.
This electric equivalent circuit (HPF) has a frequency-
resistance characteristics shown 1n FIG. 48 which 1s similar
to the characteristics shown around the point A in FIG. 7. In
this figure, the point B corresponds to the cut-off frequency
of the HPF shown i FIGS. 47A and 47B.

It will be understood from the above discussion that the
circuit configuration from the voltage Vb of D/A converter

21 to the current Ip of A/F ratio sensor 30 may be expressed
as shown 1n FIG. 49A, in which LPF and HPF correspond

to the LPF 22 1n FIG. 1 and the HPF 1n FIGS. 47A and 47B,
respectively. According to this block diagram, the voltage
Vb for the A/F ratio sensor 30 and the sensor current Ip of
the A/F ratio sensor 30 changes as shown in FIGS. 49B and
49C. Thus, the sensor current Ip 1s expressed by the follow-
ing equation with TL and TH being the time constant of the
LPF (equivalent to point A in FIG. 48) and the time constant
of the HPF (equivalent to point B in FIG. 48).

Ip=(AV/R)x|TH/(TL-TH) ]x(e ¥~/

In the present embodiment, it 1s necessary to set the point
A at the higher frequency side than the point A so that the
stable frequency-resistance range. For this reason, the time
constants TL and TH are determined to satisty TL<TH.
Thus, from the above equation, the falling change of Al
during the time period TB becomes much slower than the
rising change of the same during the time period TA as
shown 1n FIG. 46C and FIG. 49C.

As explained above, 1n the time period TB 1 which the
output voltage Vb 1s maintained at the constant magnitude as
shown 1n FIG. 46B, the sensor current Ip also changes only
very slightly during the time period of about 2.5 ms which
1s within the range one-digit lower than the time constant of
the HPF (equivalent circuit of the sensor, etc.) as shown in
FIG. 46C. Thus, during the time period TB 1n FIG. 46C,
substantially the same peak current Al will be detected at
whatever time point 1t may be detected.

Although the peak current Al i1s detected erronecously by
changes 1n the detection time point from time t to t' 1n the
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case that the sensor current Ip changes 1n the sine waveform
[La shown by a two-dotted chain line 1n FIG. 50, the peak
current Al can be detected accurately even at the time point
t' because the sensor current Ip changes in the waveform Lb
as shown by a solid line 1n FIG. 50. Thus, the total time
period TA+TB 1s set to a period longer than the time period
required for detecting the peak current Al, 1.e., longer than
some tens of us.

In order to perform the above control, the microprocessor
20 (FIG. 1) may be programmed to execute the main routine
shown 1n FIG. 51 and element resistance detecting subrou-
tine shown in FIG. 52. The main routine (FIG. 51) may be
executed in the same manner as the main routine (FIG. 9) is
executed in the first embodiment, while the subroutine (FIG.
52) which corresponds to step 130 in FIG. 51 is executed a
bit differently from the subroutine of FIG. 10.

That 1s, the microprocessor 20 changes at step 132 the
bias command signal Vr to a more positive side so that the
voltage Vp for detecting the A/F ratio rises. At this time, the
time period TA+TB from the time t1 to time t2 (FIG. 46A)
of the voltage Vr 1s set longer than the time period required
for the peak current Alp to attain its peak. The time period
TA+TB may be less than 2.5 ms. However, the sensor
current Ip 1s required to converge to the limit current value
within the time period T1 (2 to 4 ms) for the next A/F ratio
detection. Therefore, the time period TA+TB for detecting
the element resistance 1s set shorter than that for detecting
the A/F ratio. Preferably, the time period TA+TB 1s set to
some tens of us to 100 us. After step 132, steps 134 and 135
are executed to detect the element resistance 1n the same
manner as 1n the first embodiment.

In the above seventh embodiment, the voltage applied to
the A/F ratio sensor 30 1s changed at the predetermined time
constant and maintained for a time period which 1s longer
than a time period required for the sensor current Ip attains
a maximum magnitude (peak). Thus, the sensor current Ip
changes only very slightly during the time period TB
enabling accurate detection of the current change caused by
the applied voltage change.

Further, the time period for maintaining the voltage for the
clement resistance detection 1s set to be less than the digit of
an inverse (1/f) of the cut-off frequency (f) specific to the
sensor. That 1s, the time period 1s set to about 2.5 ms which
1s one digit smaller than the inverse of the cut-off frequency,
about 40 Hz, of the sensor. As a result, the element resistance
can be detected accurately without prolonging the time
period for the element resistance detection.

The seventh embodiment may be modified so that the
voltage applied to the A/F sensor 30 at the predetermined
fime constant for the element resistance detection 1s main-
tained unchanged, that i1s, at a magnitude existing at that
moment once the sensor current Ip rises to 1ts maximum
magnitude (peak current). In this instance, step 132 in FIG.
52 may be modified to adjust the time period for the element
resistance detection. In this modification also, the time
period for maintaining the voltage unchanged is preferably
set to be one-digit less than the inverse (1/f) of the cut-off
frequency (f) specific to the sensor.

Although the present invention has been fully described 1n
connection with preferred embodiments thereof with refer-
ence to the accompanying drawings, it 1s to be noted that
various changes and modifications will become apparent to
those skilled 1n the art.

For example, 1n the element resistance detection process
of FIG. 10, although an order of setting the applied voltage
to become negative and positive voltages 1s set depending on
whether the A/F ratio at a given time 1s rich or lean according,
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to the first embodiment, this order may be fixed regardless
of the A/F ratio. In such a case, although the applied voltage
1s always changed from the positive side to the negative side
or from the negative side to the positive side, preferably the
negative AV and negative Al 1s measured when the A/F ratio
1s lean and the positive AV and positive Al 1s measured when
the A/F ratio 1s rich. This 1s the same for the integrated type
A/F ratio sensor 60 according to the sixth embodiment.

Moreover, the second to fifth embodiments may be 1imple-
mented using the integrated type sensor described in the
sixth embodiment. In such case, the same operations and
clfects as described above can be realized.

In the above described fifth embodiment, a first predeter-
mined value for selectively using one of the element resis-
tance detection method based on the voltage change and the
clement resistance detection method based on shutdown of
the circuit 1s placed 1n the vicinity of the maximum value or
the minimum value of the dynamic range while a second
predetermined value 1s placed towards the central portion of
the dynamic range. The second predetermined value may be
used to selectively adjust the element resistance detection
method based on the voltage change. That 1s, with the
second predetermined value as the borderline, when the
detected current 1s greater than the second predetermined
value, the element resistance 1s detected based on the current
change at only one of the positive and negative sides towards
the mner side of the dynamic range and when the detected
current 1s lesser than the second predetermined value, the
clement resistance 1s detected based on the total current
change towards both the positive and negative sides that
result from the application of voltage. In this case, detection
accuracy of the element resistance becomes greater nearer
the center of the dynamic range. Meanwhile, to eliminate
discontinuity between the detected values of the element
resistance which 1s caused by the selective use of the
respective detection methods, a detection result at the center
portion of the dynamic range may be used to compensate the
respective detected values for both methods.

Meanwhile, when using the integrated type sensor
described 1n the sixth embodiment, as described i1n the
variations (FIGS. 13A—15D) of the first embodiment, it 1s
also possible to change the waveform of applied voltage or
the positions for measuring positions for the AV and Al.

Although 1n the above embodiments, the present mnven-
tion 1s applied to the A/F ratio sensor for detecting oxygen
concentration (A/F) in exhaust gas from a vehicle engine,
the scope of application of the present invention 1s not
limited only to the A/F ratio sensor for vehicles. The present
mvention can also be used for other applications. For
example, 1t 1s possible to 1mplement 1t for an oxygen
concentration sensor for detecting a concentration of oxygen
in, for example, combustible gas (methane gas, ethane gas
and the like).

In the above embodiments, by providing digital signals
ogenerated by the microprocessor 20 with a predetermined
time constant, the signals are converted to sine wave-like
signals that are used for detecting element resistance.
However, the microprocessor 20 may also generate sine
wave signals and such signals may be used for detecting the
clement resistance.

Such changes and modifications are to be understood as
being within the scope of the present invention as defined by
the appended claims.

What 1s claimed 1s:

1. Amethod for detecting element resistance of an oxygen
sensor which 1s used for determining oxygen concentration
of a gas sample, said method comprising the steps of:
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setting a time constant corresponding to a frequency at
which impedance characteristics of said oxygen sensor
are stable;

applying a changing voltage having said time constant to
said oxygen sensor;

determining an electrical current change 1n electric cur-
rent lowing in said oxygen sensor due to said changing
voltage; and

determining element resistance of said oxygen sensor
based on said changing voltage and said current
change.

2. Amethod for detecting element resistance according to
claim 1, wherein said step of applying said changing voltage
includes a step of applying a changing voltage that has a
single voltage waveform having said time constant.

3. A method for detecting element resistance according to
claim 1, wheremn said step of setting said time constant
includes the steps of:

determining a frequency range at which said impedance
characteristics of said oxygen sensor are stable; and

setting said time constant to correspond to a predeter-

mined frequency within said frequency range.

4. A method for detecting element resistance according to
claim 1, wherein said step of setting said time constant
includes a step of setting said time constant to approximately
159 us.

5. A method for detecting element resistance according to
claim 1, wherein said step of applying said changing voltage
includes a step of applying a changing voltage that has one
of a positive slope and a negative slope.

6. A method for detecting element resistance according to
claim 1, wherein:

said step of applying said changing voltage includes a step
of applying a changing voltage that has a negative slope
portion and a positive slope portion;

said step of determining said current change includes a
step of determining said current change due to one of
said negative slope portion and said positive slope
portion; and

said step of determining said element resistance mcludes
a step of determining said element resistance based on
said negative slope portion of said changing voltage
and said current change when said step of determining
said current change determines said current change
based on said negative slope portion and a step of
determining said element resistance based on said
positive slope portion of said changing voltage and said
current change when said step of determining said
current change determines said current change based on
said positive slope portion.

7. Amethod for detecting element resistance according to

claim 1, further comprising the step of:

setting a current level within a detectable current range of
said oxygen sensor;

wherein said step of applying said changing voltage
includes a step of applying a changing voltage that has
a negative slope portion when said electric current of
said oxygen sensor 1s no less than said current level and
a step of applying a changing voltage that has a positive

slope portion when said electric current of said oxygen
sensor 1S less than said current level, and

said step of determining said current change includes a
step of determining said current change due to said
negative slope portion when said electric current of said
oxygen sensor 1s no less than said current level and a

5

10

15

20

25

30

35

40

45

50

55

60

65

32

step of determining said current change due to said
positive slope portion when said electric current of said
oxygen sensor 1s less than said current level.

8. A method for detecting element resistance according to
claim 7, wherein said step of setting said current level
includes a step of setting said current level to be at approxi-
mately a center of said detectable current range of said
OXygen SEnsor.

9. Amethod for detecting element resistance according to
claim 1, wherein:

said step of applying said changing voltage includes a step
of applyimng a voltage to make said electric current
flowing 1n said oxygen sensor negative when said
oxygen sensor detects a lean air-fuel ratio and a step of
applying a voltage to make said electric current flowing,
1n said oxygen sensor positive when said oxygen sensor
detects a rich air-fuel ratio.

10. A method for detecting element resistance according

to claam 1, wherein:

said step of applying said changing voltage includes a step
of applying a changing voltage that has a negative slope
portion and a positive slope portion; and

said step of determining said electrical current change
includes a step of determining said current change due
to both of said negative slope portion and said positive
slope portion of said changing voltage.

11. A method for detecting element resistance according
to claim 1, further comprising the step of setting said
changing voltage to have a positive slope portion and a
negative slope portion so that an amount of electric charge
that moves within said oxygen sensor with said application
of said positive slope portion 1s equal to an amount of
clectric charge that moves within said oxygen sensor with
said application of said negative slope portion.

12. A method for detecting element resistance according
to claim 1, said method additionally comprising the step of
adjusting a magnitude of a next changing voltage 1n accor-
dance with said element resistance determined by said step
of determining said element resistance.

13. A method for detecting element resistance according
to claim 1, wherein said step of setting said time constant 1s
for setting said time constant to different values when said
oxygen sensor 1s detecting said element resistance and when
sald oxygen sensor 1s detecting air-fuel ratio.

14. A method for detecting element resistance according
to claim 13, wherein said step of setting said time constant
includes the steps of:

preparing two different time constant values; and

choosing which of said time constant values 1s to be set as
said time constant depending on whether said oxygen
sensor 1s detecting one of said element resistance and
said air-fuel ratio.

15. A method for detecting element resistance according
to claim 14, wherein said step of choosing said time constant
includes a step of choosing a larger value among said time
constant values as said time constant when said oxygen
sensor 1s detecting said air-fuel ratio and a step of choosing
a smaller value among said time constant values as said time
constant when said oxygen sensor 1s detecting said element
resistance.

16. A method for detecting eclement resistance of an
oxygen sensor which 1s used for determining oxygen con-
centration of a gas sample, said method comprising the step

of:

selectively executing at least one of:
a first detection method which includes the steps of
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setting a time constant corresponding to a frequency
at which impedance characteristics of an oxygen
sensor are stable,
applying a changing voltage having said time con-
stant to said oxygen sensor,
determining a current change 1n electric current
flowing 1n said oxygen sensor due to said chang-
ing voltage, and
determining element resistance of said oxygen sen-
sor based on said changing voltage and said cur-
rent change; and
a second detection method which includes the steps of
deactuating said oxygen sensor,
detecting a voltage change in voltage of said oxygen
sensor after deactuating said oxygen sensor,
detecting a current change in said electric current of
said oxygen sensor due to said voltage change,
and
determining said element resistance based on said
voltage change and said current change.
17. A method for detecting element resistance according
to claim 16, further comprising the steps of:

setting at least one reference current level within a current
detectable range of said oxygen sensor;

detecting an output current of said oxygen sensor; and

setting an optimal current level corresponding to a sto-
ichiometric air-fuel ratio,

wherein said selectively executing step includes a step of
selecting said first detection method when said output
current 1s nearer to said optimal current level than said
reference current level and a step of selecting said
second detection method unless said output current 1s
nearer to said optimal current level than said reference
current level.

18. A method for detecting element resistance according
to claam 17, wherein said step of setting said reference
current level includes a step of setting said reference current
level to be proximate to one of a minimum value of said
current detectable range and a maximum value of said
current detectable range.

19. A method for detecting element resistance according
to claim 17, further comprising the step of setting a {first
reference value greater than and proximate to a minimum
value of said current detectable range and a second reference
value less than and proximate to said maximum value 1n said
current detecting range;

wherein said selection step includes a step of selecting
said first detection method when said output current 1s
oreater than said first reference value and lesser than
said second reference value and a step of selecting said
second detection method when said output current is no
oreater than said first reference value or no less than
said second reference value.

20. A method for detecting element resistance according
to claim 17, said method additionally comprising the step of
setting at least one of a first reference range greater than and
proximate to a minimum value of said current detectable
range and a second reference range less than and proximate
to said maximum value of said current detectable range;

wherein said selection step includes a step of selecting
both of said first detection method and said second
detection method when said output current 1s within
onc of said first reference range and said second
reference range.
21. A method for detecting element resistance according
to claim 20, further comprising the steps of:
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determining a compensation coetlicient based on said
clement resistance determined by said first detection
method and said element resistance determined by said
second detection method when said selection step
selecting both said first detection method and said
second detection method; and

adjusting one of said element resistance determined by
said first detection method and said element resistance
determined by said second detection method based on
said compensation coellicient.
22. A method for determining element resistance accord-
ing to claim 16, said method additionally comprising the
steps of:

determining said impedance characteristics of said oxy-
gen sensor using said first detection method;

determining said impedance characteristics of said oxy-
ogen sensor using said second detection method;

determining a correction coefficient based on said imped-
ance characteristics determined using said first detec-
tion method and said second detection method; and

adjusting one of said element resistance determined by
said first detection method and said element resistance
determined by said second detection method.

23. A method for detecting element resistance of an
oxygen sensor which produces a current corresponding to
oxygen concentration of a gas sample 1n response to a
voltage applied thereto, said method comprising the steps of:

switching, at a predetermined time constant, a magnitude
of said voltage applied to said sensor for oxygen
concentration detection to a magnitude for element
resistance detection;

maintaining said magnitude of said voltage for said ele-
ment resistance detection for more than a time period 1n
which said current attains a peak magnitude; and

determining an element resistance of said sensor based on
a change 1n said magnitudes of said voltage and a
change 1n magnitudes of said current.

24. A method for detecting element resistance according
to claim 23, wherein said time period 1s more than one-digit
less than an 1nverse of a cut-off frequency specific to said
SENSOT.

25. A method for detecting element resistance of an
oxygen sensor which produces a current corresponding to
oxygen concentration of a gas sample 1n response to a
voltage applied thereto, said method comprising the steps of:

switching, at a predetermined time constant, a magnitude
of said voltage applied to said sensor for oxygen
concentration detection to a magnitude for element
resistance detection;

maintaining a magnitude of said voltage existing when
said current attains a maximum magnitude for a time
period after a maximum current magnitude attainment;
and

determining an element resistance of said sensor based on
a change 1n said magnitudes of said voltage and a
change 1n magnitudes of said current.

26. A method for detecting element resistance according
to claim 25, wherein said time period 1s more than one-digit
less than an 1nverse of a cut-off frequency specific to said
SENSOr.
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